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Oxidation  of  chalcopyrite  at  low  temperature  on  polished  and 
d specimens  has  been  studied.  Auger  electron  and  X-ray 
photoelectron  spectroscopies  were  used  to  explore  the  spatial  geometry 

and  an  Intermediate  copper  rich  sulfide  layer.  Several  different  oxides 
and  sulfides  were  consistent  with  the  electron  spectroscopy  data.  To 
better  identify  the  compounds  present,  specimens  were  analyzed  at 
selected  areas  with  an  optical  mlcroref lactometer  on  20pm  diameter 
areas.  Reflectance  measurements  ol lowed  the  reaction  products  to  be 
monitored  as  a function  of  time  and  temperature.  Since  the  optical 
properties  of  a compound  are  unique,  a reflectance  model  with 


compound 


<=VeS4  " 
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CHAPTER  1 
INTRODUCTION 

Characterization  of  a material  is  a critical  step  in  understanding 
its  chenical  and  physical  properties  and  determining  potential 
industrial  applications.  A number  of  mechanical  and  chenical  procedures 
are  employed  to  prepare  a specimen  for  analysis.  Many  techniques 
require  flat  polished  surfaces  while  some  require  thin  sections  or 
ground  particles.  In  general  a sample  is  produced  from  a larger 
specimen  and  polished  as  a bulk  sample  or  ground  to  fine  particles. 

Often  chemical  etching  or  ion  etching  techniques  are  employed  to  clean 
the  specimen  or  to  make  thin  sections  for  special  analytical  techniques. 
Moreover,  some  techniques  require  a specimen  to  be  coated.  These 
procedures  can  have  an  effect  on  the  specimen  and  are  generally  taken 
into  account  when  determining  the  chemical  and  physical  properties  of  a 


In  characterizing  ore  minerals  (or — more  specific  to  this  study — 
sulfide  ores)  the  critical  question  asked  by  the  mineralogist 
concerning  the  as-received  ore  is  what  ore  minerals  are  present  and  in 
what  quantities?  The  value  of  a mineral  can  depend  on  the  amount  and 
type  of  trace  elements  and  other  phases  present  within  the  bulk  and 
consequently  this  can  be  an  Important  factor  in  the  steps  chosen  for 
further  processing.  In  genera]  these  questions  are  answered  by  optical 
observations,  quantitative  image  analysis  (Scanning  electron  microscopy- 


SEM)  and  bulk  techniques  like  electron  probe  nlcroanalysls  (EPMA).  All 

Preparation  of  the  ore  after  ageing  In  the  environment  begins  with 
a fracturing  (crushing  and  grinding)  process.  After  the  initial 
fracturing  process  (which  can  be  in  air  or  solution)  the  ore  goes 
through  a differential  flotation  process  that  selectively  separates  the 
coaponents  (sulfide-rich)  present  in  the  ore.  Further  processing  of  the 
ore  ainera]  to  remove  an  element  of  value  can  involve  electrochemical 
(leaching),  roasting,  or  smelting  procedures  either  separately  or  in 

indication  of  the  probable  succss  of  the  procedure.  Thus,  characterising 
the  surface  reactions  of  a natural  mineral  immediately  after  a 
beneficlation  process  is  important  to  better  understand  the  role  of 


mechanical  procedures,  atmospheric  media,  and  temperature  effects.  Both 

a fractured  surface  and  on  a polished  surface.  Much  less  work  has  been 

ore  preparation  (polishing  vs  fracturing)  affect  the  accuracy  of 
analysis  and  therefore  processing  of  the  ore  mineral  (collection  or 
differential  flotation  efficiency,  roasting,  or  smelting)?  Of  primary 
interest  to  both  mineralogists  and  surface  s 
temperature  and  of  mechanical  procedures  (wh 
produce  an  increase  in  the  temperature)  on  the  surface  products, 
this  study  the  surface  products  formed  at  low  temperature  on  an 
important  copper  iron  sulfide  mineral  called  chalcopyrite  will  be 


- investigated. 


Chalcopyrlte, 


CuFoS2,  la  a member  of  the  sulfide  family  and  occurs 
os  a semiconductor  in  nature.  Some  of  its  important  properties  are 


and  is  thus  very  valuable.  Its  name  is  derived  from  the  greek  word  for 
brass  in  combination  with  pyrite.  Its  striking  brass-yellow  color 
observed  on  freshly  fractured  or  polished  specimens  has  lent  It  its  more 


iridescent  film  due  to  surface  oxidation. 


Physical  properties  of 
Crystal  Structure 

Phase  Transformation 

Eg 

Resistivity 


chalcopyrlte  (CuPeS  ). 

Brass-yellow,  metallic 


Chalcopyrlte  is  one  of  the  most  stable  sulfide  minerals,  making 
efficient  extraction  (or  recovery)  of  copper  a difficult  and  challenging 
process.  There  is  a compelling  need  to  learn  more  about  chaloopyrite  to 

wonder  that  its  bulk  properties  have  been  extensively  studied. 

However,  its  oxidation  behavior  has  also  lntorested  scientists  from  the 
standpoint  of  mineral  processing  and  more  recently  from  the  standpoint 

In  general  bulk  mineral  samples  have  a number  of  phases  which 
are  often  found  as  veins  or  large  inclusions.  As  the  technology  of 
surface  analytical  techniques  has  developed,  smaller  areas  of  analysis 


have  become  possible.  These  surface  analytical  techniques  lend 
thenselves  Ideally  to  the  study  of  surface  oxidation  of  snail  areas 
present  within  naturally  occurring  sulfide  minerals.  The  surface 
oxidation  of  chalcopyrite  can  affect  further  processing  stages  of  the 
ore  mineral  and  is  thus  Important  to  characterize  from  the  standpoint  of 
beneficiatlon. 

A number  of  variables  that  arfect  the  surface  oxidation  of 
chalcopyrite  have  been  discussed,  Including  chemical  leaching,  humidity 
effects,  polishing  techniques,  and  physical  contact  with  other  minerals. 
Air  oxidation  at  room  temperature  (in  laboratory  air)  has  shown  a slight 
color  alteration  on  the  surface  of  a polished  specimen  with  further 
color  enhancement  (from  brass-yellow  to  a tan-orange)  observed  as  a 
function  of  time  In  nlr  (81HOL).  Extensive  surface  coloration  of 
weathered  samples  (fractured  surfaces)  has  been  observed  and  related  to 
the  chemical  leaching  occurring  at  the  mineralogical  site  (77EAD).  Wet 
oxidation  has  also  been  found  to  induce  surface  coloration  resulting 
from  the  oxidation  products  at  the  surface  [77EADJ.  Physical  contact 
between  chalcopyrite  and  inclusions  of  silver  sulfide  phases  has  been 
found  to  cause  surface  coloration  which  is  also  due  to  the  oxidation 
products  at  the  surface  (80CHE.82REMJ . Although  a great  deal  of  work 
has  been  expended  to  understand  the  surface  reactions  of  chalcopyrite 
they  hove  generally  involved  the  areas  of  leaching  (72WAD, 740UT.80MUR) . 
roasting  (79S0H.83UDU]  (700"-900"C) . and  smelting  [83R0S.830D1.1  (1200"- 
1300“C).  Much  less  emphasis  has  been  placed  in  the  surface  reactions  of 
chalcopyrite  in  air  for  freshly  fractured  and/or  polished  specimens. 
Moreover,  the  cfrects  of  slight  heating  above  room  temperature  on  the 
reactions  of  chalcopyrite  have  not  been  studied. 


in  this  study,  i.e.  the  presence 


of  nore  than  one  phase  within  the  bulk  which  reduces  the  area  of 
analysis,  it  was  necessary  to  use  analytical  techniques  with  high 
spatial  resolution.  Previous  studies  on  the  surface  oxidation  (82REM) 
and  colored  tarnishing  [83RBHJ  of  chalcopyrite  specimens  and  related 
sulfides  185REM1  have  typically  used  Auger  electron  spectroscopy  (AES) 
and  X-ray  photoelectron  spectroscopy  (XPS)  in  the  characterisation  of 
surface  films.  Optical  reflectance  with  high  spatial  resolution  has 
been  used  in  conjunction  with  the  above  techniques  to  further  enhance 
the  characterisation  of  the  compounds  formed  at  the  surface  (BIHOL, 

82REM , 83REM , 85REM , 86REM J . An  optical  microreflectometer  (OMR)  was 
constructed  as  part  of  this  study  and  used  in  conjunction  with  the  above 
analytical  techniques.  The  characterisation  process  was  enabled  by  the 
use  of  a reflectance  model  to  calculate  reflectance  curves  based  upon  a 
specific  film  geometry  and  compounds  Identified  on  the  surface  of 


chalcopyrite. 


It  is  the  purpose  of  this  investigation  to  characterise,  using  a 
combination  of  surace-sensitive  analytical  techniques,  the  products 
formed  on  chalcopyrite.  Natural  specimens  of  chalcopyrite  were  heated 
in  laboratory  air  at  low  temperatures  (23*-300'C)  as  compared  to  what  is 
used  for  roasting  procedures  (>500"C)  or  smelting  (>1200'C) . Both 
polished  and  fractured  specimens  will  be  analysed  to  compare  the 
reaction  products  formed  at  the  surface  after  reaction  in  laboratory 


removed  und  the  oxidation  process  accelerated.  In  addition,  the  effect 
of  Inclusions  within  the  bulk  specimen  will  bo  discussed. 


The  balance  of  the  dissertation  will  include  a literature  survey  In 
Chapter  2 that  describes  the  physical  properties  of  chaicopyrite,  the 
use  of  surface  analytical  techniques  in  mineralogy.  and  the  surface 
oxidation  studies  that  have  been  previously  reported  up  to  this  tine. 

respect  to  the  surface  analytical  techniques  eaployed  in  this  study  and 
the  saaple  preparation  and  heat  treatments  used  for  bulk  specimens.  The 
experimental  characterisation  of  the  reaction  products  on  fractured  and 
polished  specimens  as  a function  of  temperature  and  time  will  be 
presented  in  Chapter  4.  Lastly,  a discussion  and  summary  of  the  results 
will  be  presented  In  Chapter  5 and  Chapter  6.  respectively. 


CHAPTER  Z 


which  Is  west  frequently  associated  with  chalcopyrite  (CuPeS  ), 
sphalerite  (ZnS),  and  galena  (PbS) . Within  the  ternary  Cu-Pe-S  systen 
chalcopyrite  is  the  most  coison  copper  mineral  [73CAB]  and  the  major  ore 

other  copper  ores  [Z7SCH,31SCH,73CABJ  and  silver  ores  [17GUIJ.  In 
addition  to  the  presence  of  other  sulfide  minerals,  oxide,  carbonate, 
and  silicate  compounds  are  routinely  found  within  naturally  occurring 
chalcopyrite  specimens.  Quartz  is  the  principal  Inert  gangue  material 
[258LA] . 

The  copper  sulfides  commonly  associated  with  chalcopyrite  consist 
of  covellite  (CuS)  and  chalcoclte  (Cu2S)  and  copper  sulfide  minerals 
having  a stoichiometry  in  between  covellite  and  chalcoclte.  The 
chalcopyrite  specimens  used  in  this  study  were  found  to  contain 
inclusions  of  copper  sulfide  (Cu  S or  CuS)  and  an  iron  oxide  with 
quartz  as  the  gangue  material.  The  iron  oxide  region  was  less  clearly 
identified  due  to  some  discrepancy  in  the  mincralogical  names  used  for 
iron  oxide  minerals.  Three  iron  oxide  minerals  arc  commonly  found: 
limonite.  goethite,  and  lepidocrocite  [71NUN.71IIUR] . The  name 
llmonite  (Pe203-H20)  should  properly  be  restricted  to  impure  hydrated 
iron  oxide  (with  variable  water  content)  that  is  colloidal  or  amorphous 


sature  [71  HUN] . Goethlti 

i.  hepldocrocite  (PeO-OH)  has  the  sa 
'Ver  the  OH  is  a hydroxyl  group  and  i 
e [71HURJ . After  heaatite  (Pe20 
aainly  of  microcrystal  line  goethito  is  t: 


iron  ore)  is  a widespread  iron 
le  principal  conponent  of  rust 
sane  chcnlcal  fornula  as  goet 
has  a different  crystal 
).  llnonite  which  consists 
! nost  abundant  ferric  oxi< 


and  is  the  stable  iron  ainoral  under  the  hydrous,  oxidizing  conditions 
near  the  earth's  surface.  Goethite  with  llnonite  fortts  the  gossan  of 
sulfide  ores.  The  none  was  originally  given  to  the  less  common 
lepldocrocite  (PeO-OH)  [71HUN],  According  to  some  studies  goethite 
(HPe02)  does  not  contain  a hydroxyl  (OH)  group  [71HUN.71HUH]  but  has 
cationic  hydrogen  (H*)  in  twofold  coordination  with  the  oxygen  atoms. 
Reference  reflectance  data  for  goethite  [77CAY1)  with  a chemical  formula 
of  aPeO-OH  has  a reflectance  curve  for  two  orientations  which  is 
characteristic  of  an  orthorhombic  structure  (see  Pigure  4.9c  in  Chapter 
4).  In  this  study  the  results  from  the  reference  reflectance  data  will 


Properties  of  Chalcoovrlte 

Chalcopyrite  has  a characteristic  brass-yellow  color  with  a 
metallic  luster.  Chalcopyrite  is  known  as  "fool's  gold",  a term  also 
applied  to  pyrite.  It  is  brittle  and  often  found  naturally  tarnished. 
The  structure  of  chalcopyrite  is  a superstructure  of  the  zincblende  typi 
[S8D0N1 J , belonging  to  the  tetragonal  crystal  (uniaxial)  system  with 
unit  cell  dimensions  0-5.25A  and  CM0.32A  (71HUR).  Chalcopyrite  exhibits 
a weak  optical  anisotropy  (8BRF.M)  with  a difference  In  reflected 
intensity  between  the  two  orientations  (Ro-ordinary  oi 
extraordinary  orientation)  of  less  than  3*  where  Ro  < 


The  composition  deviates  only  slightly  from  CuFeS  ; the  phase  Is 
slightly  metal -rich  at  high  temperature  (68NAM,72MAC.73BAR.79MIIK] . Half 
of  the  cation  positions  are  occupied  by  Cu.  half  by  Fe,  and  all  ions 
are  tetrahedrally  surrounded.  This  ordered  tetragonal  structure  is 
stable  up  to  557”C  (70PANJ . Above  this  temperature  it  is  converted  to  a 
cubic  high  temperature  form  with  the  calcium  riuorlde  structure  (S6HIL, 
66YUN , 66NAM . 72MAC . 79MUK ] . When  heated  above  300"C.  chalcopyrite 
gradually  loses  sulfur  (SSYUN].  However,  a published  report  of 


diffraction  [58D0N1J  and  Nossbauer  spectroscopy  [680RE.78MAR)  have  been 
used  to  determine  the  magnetic  moment  arrangement  and  internal  magnetic 


discrepancies  in  the  data  supporting  these  conclusions  about  the  valence 
state  of  the  copper  and  iron  atoms  within  the  chalcopyrite  structure 

Chalcopyrite  is  an  antlferromagnetic  [58DON1.71ROW.74TERI) 
semiconductor  [5BG00.74TER1 ) with  a Neel  temperature  of  approximately 
550‘C  and  a theromoelectric  power  of  480  pV/deg.  It  is  found  in  nature 
mostly  as  an  n-type  semiconductor  (50TEh).  although  some  p-type 
specimens  have  been  observed  [58D0N2].  Nonstoichiometry  in  chalcopyrite 
has  been  observed  as  a slight  metal-excess  (76PRI).  A metal-excess 
(sulfur  deficiency)  corresponds  to  a donor  defect  (n-type  conductor). 
Above  3I0“C  the  conductivity  Increases,  but  not  because  of  an  intrinsic 
semi  conductivity.  Rather  it  is  due  to  a deviation  in  the  stoichiometry 
(due  to  partial  dissociation  and  loss  of  sulfur).  Thus,  the  n-type 


irreversible  sulfur  loss  at  200aC 


also  found  [58D0N2],  Neutron 


field  respectively. 


likely  a consequence  of 


ida.te  (Cu,FeS<  versus  Cu^FeS,.,,.  and  ssy.hUe  ,Fe3s4  v, 
(CuPeSg) , bornite  .C„5FeS4,.  chs.coclte  <Cu2S>.  snd  cove.!: 


Mineral  compositions  within  the  Cu-Pe-S  ternary  system. 
Mineralogies]  name  Chemical  composition 


Blaublelbender  covellite 

Bornite 

Chalcocite 

Covellite 

Dlgenite 

DJurleite 

Pukuchllite 

Greiglte 

Haycocklte 

Pyrrhotite  (hexagonal) 


Moolhoekite 

Pyrrhotite  (nonoclinic) 
Smythite 


Talnakhite 


Surface  Analysis  of  Minerals 


Surface  analytical  techniques  have  been  widely  applied  to  the 
study  of  the  surfaces  of  aetals  and  alloys,  divine  valuable  Information 
concerning  oxidation  behavior.  Additionally,  the  surfaces  of  classical 
semiconductors  have  been  studied.  The  surface  properties  of  the  aetal 
sulfides  In  atmosphere,  however,  hove  not  been  as  extensively  studied. 
More  specifically,  the  semiconducting  transition  metal  sulfide, 
chalcopyrlte.  has  been  studied  mainly  with  bulk  analytical  and 
electrochemical  techniques.  Although  optical  reflectance  techniques 
have  been  used,  their  main  purpose  has  been  for  mineral  Identification 
with  less  work  In  the  area  of  surface  reactions  In  atmosphere  of 
chalcopyrlte. 

Surface  analytical  techniques  were  first  extensively  used  In  the 
field  of  mineralogy  In  the  early  seventies  [72HUN,72ADA.74SHE.76NAK1 , - 
76NAK2J  with  X-ray  photoelectron  spectroscopy  (XPS)  being  most  commonly 
used.  Sulfide  minerals  were  studied  due  to  their  Importance  in  the 
field  of  mineral  processing  and  the  role  of  surface  chemistry  on 
subsequent  processing  steps.  Characterization  of  the  surface  oxidation 
states  of  sulfide  minerals  after  reaction  In  aqueous  solution  hove  also 

The  reaction  at  the  surface  of  powdered  sulfide  minerals  (ground 
in  air)  was  characterized  with  XPS  [7SCLI]  by  distinguishing  between 
different  sulfur  compounds  (a  sulfide  versus  a sulfate).  The  Inability 
to  distinguish  between  different  copper  sulfide  compounds  such  as  CuS. 
CUgS,  CUgPeS^.  and  CuPeSg  was  reported.  This  results  from  a single 
Cu  (2p(3/2) ) peak  with  no  satellite  peak  characteristic  of  each 
compound.  A number  of  monovalent  and  divalent  copper  minerals  wore 


f satellite  peak 


e correlated 


characterized  with  XPS  [72FR0.78NAK]  using  a cl 

for  divalent  compounds. 

Another  surface  analytical  technique,  A 
(AES),  was  utilized  to  study  the  surface  of  o 
and  changes  during  » 

[76L0S] . Changes  il 
with  the  presence  of  an  iron  oxide  compound  at  the  surface.  In  addition 

to  study  the  surface  oxidation  of  bornlte  (84BUC1)  in  alkaline  and  acid 
solutions.  The  formation  of  sulfate  was  not  detected.  The  use  of  the 

species,  and  physically  absorbed  water  was  demonstrated.  Polished  and 

similar  XPS  spectra  for  Pe.  Cu,  S,  and  0. 

Pyrite  oxidized  between  24  "C  (relative  humidity  of  38*)  and  72"C 
(relative  humidity  of  100*)  studied  with  XPS  [77PR0]  demonstrated  the 
formation  of  a sulfate  product  at  the  surface  [81THO).  The  sulfate 
product  was  postulated  as  a ferrous  sulfate.  The  oxidation  of  another 
important  sulfide  mineral  in  vacuum,  galena  (PbS),  was  studied  with  XPS 
on  cleaved  surfaces  [84BUC2]  and  as  a lead  sulfide  film  [78Z1N].  The  use 
of  the  S and  0 peak  positions  demonstrated  the  presence  of  lead  oxide 
and  lead  sulfate  at  the  surface  of  lead  sulfide. 


74DIIT , 77BIE.77J0N ,80MUR,81BUC,84BUC3| . roasting  1 79SOII ,83UDU| . and 
smelting  [ 83R0S . 830DL ) of  chal copyri te.  In  general  leaching  processes 


require  h 


reduced  in  the  presence  of  aqueous  solutions.  Often  leaching  is  used  in 
combination  with  roasting  and  saelting  procedures.  Roasting  and 

:h  teaperatures  to  oxidize  the  mineral  as 
ucts  that  contain  the  eleaent  of  interest, 
t teaperatures  in  excess  of  500 "C  include 
d copper-iron  oxides,  copper 
The  specific  compounds  formed 
d oxidizing  condiditons.  In  the 
roasting  or  saelting  of  chalcopyrite  the  eleaent  desired  is  Cu  in  the 

* coPPer  °*l<<e  which  can  be  leached  with  dilute 
e depressed  sinoe  they  are  Insoluble 


smelting  pi 

completely  as  possible  ti 
The  reaction  products  formed  a* 
copper  sulfides,  copper-iron  sulfides,  a 
sulfates,  sulfur  dioxide  and  elemental  S 


i the  dissolution  ol 


f particle  size,  temperature,  and  reagent  concentra- 
f copper  sulfides  has  been  reviewed  (73R0M) 
for  a number  of  leaching  systems.  The  leaching  systems  Included 
sulfuric  acid,  canonical,  biological,  chloride,  nitric  acid,  cyanide, 
and  electrochemical  dissolution.  The  most  common  leaching  system  is 
sulfuric  acid  in  combination  with  various  oxidizing  agents. 

In  general  the  reaction  of  CuPeS2  in  aqueous  environments  is  very 
complex  due  to  the  number  of  variables  that  must  be  monitored.  A number 

products  are  present  simultaneously.  In  fact,  within  one  aqueous  system 
the  reaction  products  can  change  due  to  changes  in  the  reagent 
concentration  I73R0H],  solution  pll  I818UCJ.  temperature  [77J0N],  and  the 
type  of  electrochemical  dissolution  (anodic  versus  cathodic)  (79BIE], 

The  reaction  products  that  have  been  reported  include:  copper  and  iron 


been  detected  at  the  surface  of  chalcopyrite  reacted  in  air.  Due  to  the 
complexity  of  the  Cu-Pe-S  ternary  systea  and  the  addition  of  0 and  water 
to  this  systea  the  number  of  possible  compounds  quickly  becomes  very 
large.  Increasing  the  temperature  to  those  used  in  roasting  and 
smelting  procedures  allows  the  formation  of  mixed  Cu-Pe  oxides,  copper 
sulfates,  copper  sulfides  and  iron  oxides. 

Some  studies  have  discussed  the  formation  of  colored  areas  on  the 
surface  of  chalcopyrite.  Color  formation  has  been  correlated  with  film 
thickness  (81H0L)  and  impurities  reacting  to  form  a compound  at  the 
surface  of  chalcopyrite  (80CHE)  both  in  the  bulk  and  from  adjacent 
minerals  found  in  contact  with  chalcopyrite.  Consequently,  the  reaction 
products  that  are  intrinsic  to  chalcopyrite  have  not  been  well 
characterized  but  instead  have  been  described  in  terms  of  their 

Polished  bulk  specimens  of  chalcopyrite  (81H0L)  was  postulated  to 
Torn  an  oxidation  layer  that  was  described  as  an  outer  layer  of  an  iron 
sulfate  with  an  iron  oxide  region  between  the  outer  layer  and  a copper 
rich  sulfide  which  was  in  contact  with  the  bulk  chalcopyrite  for  diamond 
polishing.  The  outer  iron  sulfate  region  was  not  found  after  chromic 
oxide  polishing.  Thus,  even  the  polishing  technique  was  found  to  cause 
a difference  in  the  surface  oxidation  products  of  chalcopyrite.  Optical 
microreflectomotry  (73CAY]  was  used  to  analyze  the  surface  film  formed 
after  polishing  and  colored  spots  that  were  observed  as  a function  of 
time  in  air.  An  overall  decrease  in  reriectnnce  was  found  for  diamond 
polishing  as  compared  to  a chromic  oxide  polishing  sequence. 

Reflectance  modelling  |B5RBM.86REM)  showed  that  the  spots  were  due  to  an 
increase  in  the  thickness  of  the  surface  iron  oxide  layer.  Colored 


water  remaining  In  the  defects  which  could  enhance  the  local  oxidation 
process.  A number  of  sulfate  compounds  and  oxides  were  found  to  be 
consistent  with  reflectance  and  XPS  data  [83REM]  on  surfaces  naturally 
tarnished  in  air  after  diamond  polishing.  The  tarnishing  of  chalco- 
pyrlte  within  a sphalerite  ore  was  modelled  with  an  outer  Iron  oxide 
(PoO-OH)  layer  and  an  intermediate  CuS  and/or  Cu  S layer  that  showed 
equivalent  reflectance  curves  and  were  comparable  to  experimental 


chalcopyrlte)  to  the  chalcopyrite  region  on  the  surface  but  was  quickly 


Chaloopyrite  In  contact  with  silver  minerals  (as  veins  or 
inclusions)  has  been  found  to  undergo  rapid  tarnishing  [80CHB]  which 
appears  to  be  caused  by  surface  diffusion  of  Ag  onto  the  chalcopyrite 
followed  by  its  reaction  to  form  Ab2S.  Different  degrees  of  tarnishing 
were  found  after  4 months  and  have  been  correlated  with  different 
orientations  (twinning).  The  surface  reactions  on  chalcopyrite  are 
important  and  are  certainly  influenced  by  the  crystal  orientation, 
presence  of  inclusions,  and  adsorbed  species.  Further  studies  on  the 
relationship  between  Ae  and  tarnishing  of  chalcopyrite  showed  that 
tarnishing  in  the  presence  of  silver  sulfide  could  also  be  Induced  with 

with  the  content  of  Ag.  A blue  color  correlated  with  a higher  Ag 
content.  A reflectance  model  (8SRBM.86REM)  was  used  to  calculate 
reflectance  curves  based  on  a Ag.,s  (100A)  outer  layer  and  an  interne- 


calculated 


n of  chalcopyrite  [75CLI]  surface  analysis  w 
ly  photoelectron  spectroscopy  (XPS)  showed  a coapositlon  of 
ij  Q4S2  ( SO, ) ^ After  washing  in  distilled  water  for  5 minut. 


Cu  was  postulated  (due  to  the  peak  at  935. 6eV  and  an  increase  in  the 
kintetlc  energy  of  the  Cu  r.  W line)  as  a copper  sulfate  coapound 
although  this  was  not  further  discussed.  No  nentlon  was  made  as  to  the 
color  of  the  chalcopyrite  either  after  washing  or  before.  However,  the 
fact  that  it  was  called  a peacock  chalcopyrite  implies  that  a colored 
specimen  was  observed.  An  outer  layer  of  fe  0 -H  o with  an  intermediate 
CuSg  (polysulfide)  layer  was  reported  in  another  study  on  the  oxidation 
of  chalcopyrite  in  air  (84BUC3).  Further  oxidation  was  shown  to  result 
in  a copper  sulfate  according  to  XPS  data.  The  copper  sulfate 


with  oxygen: 


Dry  oxidation  of  chalcopyrite  [77EADJ  was  studied  with  Auger 
electron  spectroscopy  (AES).  Initial  adsorption  of  oxygen  was 
associated  with  Pe  rather  than  Cu  as  demonstrated  by  the  fact  that  the 

formation  of  Pe*3.  The  total  thickness  of  the  oxidation  layer  after  30 


layer  formed  during  wet  oxidation  was  a copper  rich  region  associated 


specific  compounds,  A region  under  the  copper-rich  outer  layer  had  a 
copper  to  iron  ratio  of  0.4  before  reaching  a bulk  value  of  1.  Results 
(77EAD)  fron  naturally  weathered  pieces  of  chalcopyrite  (utilising  AES 
depth  profiling)  found  flla  layers  that  were  much  thicker  and  varied 
between  samples.  The  variation  was  not  described  although  it  was 
implied  as  a difference  in  the  total  thickness  of  the  film  layers.  The 
observed  blue-green  staining  on  weathered  pieces  of  chalcopyrite  was 
reported  [77BAD]  to  be  due  to  the  leaching  of  soluble  copper  salts  from 
the  oxidized  layer  with  subsequent  readsorption  onto  the  surface.  This 
was  found  to  be  in  agreement  with  with  the  oopper-rich  layer  at  the 
surface  and  an  underlying  iron  oxide  layer.  Another  study  (7BMAN) 
reported  an  iron  hydroxide  or  oxyhydroxide  layer  and  a copper  sulfate 
after  3 hours  in  distilled  water.  The  film  layer  was  reported  to  be 
approximately  15A  thick.  Exposure  of  chalcopyrite  to  68*  relative 
humidity  at  52-C  for  four  weeks  (77STE)  resulted  in  Iron  sulfate 
(Pe2(S04)4).  copper  sulfate  (CuSO  ),  elemental  sulfur,  and  hematite 


r study  (80BRIJ  chalcopyrite  was  exposed  to  air  or 

h a relative  humidity  varying 

r caused  a rapid  formation  of  iron  hydroxide  or  oxyhydroxide 


n characterised  w. 


subsequently  and  was  stated  to  be  the  major  oxidation  product  In  air. 
The  copper  was  found  to  reaaln  in  the  sane  chemical  state  (Cu*1)  as 
found  in  the  bulk  by  monitoring  the  x-ray  Induced  Cu  L W line  and  the 
Cu(2p(3/2))  line  as  a function  of  reaction  time  (30days)  in  air. 

Exposure  to  air  was  not  found  to  Involve  the  formation  of  ferric  sulfate 
(PeS04)  or  sulfur  (s)  in  the  first  few  layers  of  oxidation.  Oxidation 
in  distilled  water  gave  rise  to  Fe  as  an  oxyhydroxide  or  hydroxide. 
Copper  was  found  in  the  same  valence  state  as  that  of  the  bulk.  The 
formation  of  a sulfate  was  not  observed  [80BRIJ. 

Although  a great  deal  of  work  has  been  done  on  the  surface 
oxidation  of  chalcopyrite.  the  complexity  of  the  system  has  led  to  many 
possible  reaction  products.  At  this  point  it  is  not  clear  what 
reactions  are  intrinsic  to  chalcopyrite  and  what  are  dependent  on  the 
environmental  conditions  of  the  study.  Further  very  few  studies  have 
made  any  specific  reference  to  the  colored  tarnishing  observed  in 
nature,  on  polished  specimens,  from  wot  oxidation,  and  as  a result  of 
physical  contact  between  minerals.  In  general,  colored  tarnishing  has 
been  related  to  solution  processes  since  weathering  has  produced  bulk 
specimens  that  are  Iridescent.  However,  surface  oxidation  on  polished 
specimens  as  a function  of  time  has  also  produced  colored  tarnishing. 

To  further  investigate  the  oxidation  of  chalcopyrite  this  study  has 
placed  emphasis  on  heating  natural  specimens  to  accelerate  the  oxidation 
process  and  to  further  control  the  effect  of  humidity  and  long-time 
solution  exposure.  In  addition,  it  was  of  interest  to  determine  the 
effect  of  inclusions  that  are  present  in  bulk  specimens  of  chalcopyrite. 


temperature 


discrepancy  as  to  the  presence  of  a copper  sulfate,  copper  polysulfide, 
bornite.  covellite,  or  chalcooite.  Similarly,  there  is  some  discrepancy 

humidities  ranging  from  30*  to  70*.  In  one  case  no  copper  sulfate  is 
reported  while  in  another  case  a copper  thiosulfate  oxidizing  to  a 
copper  sulfate  is  reported.  The  products  that  have  been  postulated  in 
solution  have  been  iron  oxides,  iron  and  copper  sulfates,  and  a variety 


EXPERIMENTAL 


udy  originated  from 
Prance  aade  up  the 
er  phases,  covellite 


Mineral  Origin 

The  bulk  chalcopyrite  specimens  used  lr 
two  distinct  deposits.  The  be  Bure  deposit 
majority  of  the  sasples  used  in  this  study, 

(CuS)  and  goethlte  (PeOOH  or  HPeO  ),  were  pr 
slons)  within  the  chalcopyrite  uatrlx.  Additionally,  gangue.  a 
component  consisting  mainly  of  silica  commonly  found  within  natural 
alneral  specimens,  was  present,  te  Bure  speclsens  free  of  Inclusions 
veins  of  copper  sulfides  and  iron  oxides  were  used  for  comparison  will 
specimens  with  inclusions  In  this  study. 

The  second  source  of  chalcopyrite  specimens  used  In  this  study 
. Montana.  These  specimens  contained  veins  of 
goethlte  as  well  as  gangue  material  within  the 
11  specimens  from  the  Butte  mine  contained 
cases  specimens  with  only  Cu  8 inclusions  were  us 
r temperature  on  the  inclusion. 


originated  from  But 

to  study  the  effect 

Large  samples  were  fractured  Into  smaller  specimens  by  hand  or 
a light  blow  to  the  surface  using  a sharp  instrument.  For  studying 
polished  rather  than  fractured  surfaces,  samples  were  first  cut  witl 
Buehler  diamond  saw  to  sizes  ranging  from  Sma  x 5nm  to  6mm  x 10mm  ar 


then  hand  polished, 
teaperature  effect  which  results 
polishing  process  utilized  dry  s. 
grit,  then  changing  to  320  grit  i 
samples  were  ultrasonlcally  cleaned 
10  alnutes  between  each  polishing  s 


id  polishing  t 

i results  from  automatic  polishing  wheels.  The 
[icon  carbide  paper  starting  with  180 
id  finishing  with  600  grit.  The 
id  in  reagent  grade  petroleum  ether  for 
10  eliminate  stray  particles 
which  could  scratch  the  surface  In  a subsequent  grinding  stage.  After 
the  dry  grinding  steps  the  neat  stage  consisted  of  diamond  polishing  the 
specimens  (hand  polishing)  in  an  extender  consisting  of  equivalent 
proportions  of  mineral  oil  and  kerosene  (79LAF).  The  specimens  were 
cleaned  between  polishing  stages  as  described  above.  The  diamond 
polishing  compounds  were  obtained  from  Buehler.  Polishing  was  started 
with  ISpn  diamond  paste  and  went  through  6pm.  1pm.  and  finished  with 
0.25pm  diamond.  The  polishing  times  were  longest  for  the  15pm  and  6pm 
stage  (approximately  10  minutes)  and  decreased  for  the  1pm  stage  to  5 
minutes  and  approximately  2 to  3 alnutes  for  the  0.25  pa  stage.  The 
surface  of  the  polished  specimens  were  checked  periodically  with  a 
microscope  for  scratches  between  polishing  stages  to  optimize  the 
overall  polishing  process. 

Sample  Storage 

Samples  were  stored  before  and  after  polishing  in  laboratory  air. 

The  relative  humidity  ranged  between  45*  and  70*.  The  temperature 
ranged  between  20'C  and  26"C.  Chalcopyrite  samples  and  bulk  materials 
were  stored  in  plastic  containers  under  the  above  conditions.  Samples 
were  always  handled  with  tweezers  or  plastic  gloves  after  polishing  or 


a surface  alteration  that  is  a function  o 
11  be  designated  as  natural  a 


re  to  laboratory  air  leads 

1 designated  as  being  fron 
freshly  fractured  or  polished  sanplcs  were  collected  Immediately  after 
fracturing  a specimen  or  polishing  a spoclnen  in  air.  The  effect  of 
tine  on  the  reactions  was  deternined  by  analyzing  the  speclnen  at  the 
sane  position  as  a function  of  tine.  Natural  oxidation  of  chalcopyrlte 
leads  to  a surface  discoloration  which  will  be  called  tarnishing.  The 
discoloration  nay  or  nay  not  lead  to  unlfornities  of  color  on  the 

Induced  Surface  Oxidation  in  Laboratory  Air 

Oxidation  (or  alteration)  of  cuPeSj  in  air  at  tenperatures  above 
roon  tenperature  is  designated  as  Induced  or  accelerated  surface 
oxidation.  After  polishing  the  specimens  and  obtaining  data  fron  the 
freshly  polished  surfaces  the  speclnens  were  placed  on  an  alunlna  boat 
and  pushed  into  the  hot  zone  of  a quartz  tube  open  to  the  ambient.  A 
Marshall  furnace  (Model  > 1201)  was  used  with  a type  K (Chronel-Alunel) 
thermocouple.  The  temperature  was  calibrated  and  controlled  to  within 
! 5*C.  The  furnace  was  allowed  to  equilibrate  for  1-2  hours  in  air 
before  the  specimen  was  inserted  into  the  hot  zone  of  the  furnace.  The 

hours.  After  heat  treatment  at  a specified  time 
pulled  out  of  the  rurnace  Immediately  and  allowed  to  cool  a 
tenperature.  The  specimens  were  cool  within  2-3  minutes  a 


Analytical  Technlmips 

A number  of  analytical  techniques  were  utilized  to  characterize  the 
films  formed  on  the  surface  of  chalcopyrite.  Electron  probe  micro- 
analysis (EPMA)  Is  sensitive  to  surface  films  but  reduction  of  data  for 
surface  analysis  is  very  difficult  and  EPMA  is  preferably  used  as  a bulk 
technique.  The  Cameca  EPMA  Installed  in  Bureau  de  Recherches 
Geologiques  et  Mlnleres  In  Prance  was  mainly  used  to  determine  the 
composition  of  the  bulk  chalcopyrite  both  before  and  after  heat 
treatment.  Surface  sensitive  techniques  such  as  X-ray  photoelectron 
spectroscopy  (XPS)  and  Auger  electron  spectroscopy  (AES)  were  used  to 
determine  the  compounds  formed  on  the  surface  and  over  a depth  Into  the 
sample.  In  addition  to  these  techniques,  an  optical  microreflectometer 
(OMR)  was  built  to  analyze  the  films  and  the  bulk  in  a simultaneous 
manner.  A model  to  calculate  the  reflectance  was  used  to  help  identify 
the  reaction  products  and  determine  the  thicknesses  and  geometry. 

X-Ray  Photoelectron  Spectroscopy 

A Kratos  XSAM  800  X-ray  Photoelectron  spectrometer  (XPS)  Installed 
in  the  Department  of  Materials  Science  and  Engineering  at  the  University 
of  Florida  was  utilized  for  this  study.  Chemical  state  Information  on 
the  products  formed  on  the  surface  of  CuPeS2  and  as  a function  of  film 
depth  was  obtained.  Moreover.  XPS  has  been  used  as  a surface 
analytical  tool  to  study  the  chemical  structures  of  the  species  in  thin 
films  at  the  surface  of  metals,  alloys,  semiconductors,  and  minerals 
( 72FRO . 74BRU , 75ERT . 7SMC1 . 76T0U . 77FR0 . 77MC I . 78NAK . BONEP . 8 1MCI . 81 TIIO . 

83BRI).  Analysis  with  XPS  is  routinely  used  to  study  the  surface 
phenomena  occuring  on  organic  compounds  and 


insulators  (83BR1). 


The  principles  and  characteristics  of  XPS  are  reviewed  by 
[77PEU.79NEM.83BRI ] . Briefly,  core  electrons  are  photoejected  from  the 
specimen  under  X-ray  bonbardnent  in  accordance  with  the  photoelectric 
effect  which  is  schematically  shown  in  Figure  3.1a.  The  kinetic  energy 
of  the  ejected  photoelectron  (Ej(in)  is  equal  to  the  energy  of  the 
incident  X-ray  (Ej)  Minus  the  binding  energy  of  the  ejected  electron 
(Bb)  and  minus  the  work  function  ® of  the  spectrometer.  For  a 
conductor  a good  electrical  contact  exists  between  the  sample  and  the 
spectrometer  so  that  the  fermi  level  is  the  same  for  the  sample  and  the 
spectrometer  [79NEM] . A wave  function  relaxation  energy  [77FEU]  due  to 
the  removal  of  an  electron  from  a localized  energy  level  results  in  a 
lower  binding  energy  of  the  ejected  electron.  The  photoelectron 
originates  from  electron  levels  with  binding  energies  less  than  the 
energy  of  the  Incident  photon  and  are  characteristic  of  a specific 


The  electron-photon  interaction  in  XPS  Is  a single  interaction 
event  which  forms  a singly  Ionized  atom  that  has  two  possible  methods  of 


energy  being 


Photoelectron 


Auger  electron 


Schematic  diagram  for  three  electron  spectroscopy 
X-ray  analysis  (XRA),  and  c)  Auger  electron  spectroscopy 


transferred  to  an  L.,  3 electron  which  Is  known  as  an  Auger  electron: 
this  Is  schematically  shown  In  Figure  3.1c.  This  Auger  electron  Is  said 
to  originate  fro.  an  KL,L2  3 transition.  The  energy  of  the  photo- 
electron Is  dependent  on  the  energy  of  the  Incident  photon,  however, 
the  energies  of  fluorescent  X-rays  and  Auger  electrons  arc  independent 
of  the  incident  photon  energy  as  long  as  there  Is  enough  energy  to 
excite  a core  electron.  Thus.  X-ray  bombardment  can  cause  both 
photoelcctrons  and  Auger  electrons  to  be  ealtted.  However.  Auger 
electrons  In  AES  are  conventionally  produced  by  an  electron  bean  as 


A Ng  Ka  X-ray  source  (1253. 6eV)  was  used  to  obtain  XPS  spectra. 

The  XSAM  800  systea  uses  a healspherical  electrostatic  analyzer  to 
neasure  the  energy  of  the  ejected  photoelectron.  Two  analyzer  nodes  of 
operation  are  available  for  data  collection.  The  first  is  the  constant 
transmission  mode  designated  as  FAT,  and  the  second  is  the  fixed  retard 
ratio  mode  designated  as  FRR.  In  the  PAT  node,  the  transnisssion  energy 
of  the  analyzer  is  kept  constant  so  that  the  electrons  entering  the 
analyzer  are  retarded  by  an  Increasing  aaount  as  higher  kinetic  energy 
electrons  are  analyzed.  In  the  FRR  node,  electrons  entering  the 
analyzer  have  their  energy  retarded  through  the  analyzer  by  a constant 
proportion  of  their  initial  energy.  Thus,  the  transmission  onergy  of 
the  analyzer  is  constantly  varied  as  the  kinetic  energy  Is  varied  in 
order  to  maintain  the  fixed  retarding  ratio.  The  FRR  node  gives  higher 
sensitivity  In  the  low  binding  energy  (high  kinetic  energy)  region  where 

Cu  2p  peak  was  usually  not  detected  in  this  mode  due  to  its  high  binding 


assigned 


A differentially  pumped  Ion  gun  within  the  XPS  system  was  used  to 
sputter  the  files  forned  on  chaloopyrite . Argon  ions  with  an  energy  of 
5 keV  were  produced  at  a gun  pressure  of  1 x lo'5  Torr.  The  normal 
residual  pressure  in  the  analysis  chamber  was  1 x 10~8  Torr. 

Angle  resolved  or  grazing  angle  XPS  was  used  to  increase  the 
sensitivity  to  species  at  the  surface  (83BR1).  As  the  angle  of  electron 
emission  relative  to  the  sample  surface  is  decreased,  the  surface  area 
analyzed  is  increased  while  the  sample  depth  analyzed  Is  decreased;  this 
has  the  effect  of  increasing  the  relative  peak  intensities  of  the 
surface  species.  An  angle  of  90-  was  used  for  noraal  analysis  while  a 
grazing  angle  of  25*  was  used  for  angle  resolved  analysis  (73FRA) . A 
standard  peak  deconvolution  routine  from  Kratos  software  was  used  to 
analyzed  specific  peaks.  The  relative  peak  intensity  was  documented  in 
this  study  and  can  be  used  to  ratio  between  deconvoluted  peaks  within 
the  same  scan  and  compare  an  equivalent  ratio  to  another  scan. 

Auger  Electron  Spectroscopy 


A Perkin  Elmer  Model  600  Scanning  Auger  Multiprobe  (installed  at 
Parks-Jaggers  in  Orlando.  Plorida)  was  used  to  analyze  the  surface  of 
chalcopyrlte  specimens.  For  some  of  the  Auger  electron  spectroscopy 
(AES),  a Perkin  Elmer  Model  660  recently  installed  in  the  Department  of 
Materials  Science  and  Engineering  at  the  University  of  Plorida  was 
utilized.  Specifically,  AES  [75II0L.83SEA]  has  been  used  to  study  the 
spatial  distribution  of  specific  elements  over  the  surface  and  their 


electrostatic  force  between  electron-clouds  of  unfilled  shells  (filled 

Auger  spectra  are  displayed  as  the  number  of  electrons  with  a 
specific  energy  distribution.  N(E),  versus  energy.  For  this  spectro- 


signals  often  occur  on  a high  background.  Consequently,  on  N(F.) 
spectrua  can  be  enhanced  by  taking  the  derivative  dN(E)/dE  of  the 
spectrua.  Peak-to-peak  heights  in  the  dN(E)/dE  spectra  are  used  to 
quantify  Auger  spectra  since  they  are  often  proportional  to  the  nuaber 
of  atoms  emitting  the  Auger  eloctron  [68HAR.83BRI J . 

An  electron  gun  is  used  for  primary  electron  excitation  of  the 
sample.  The  primary  electron  beam  energy  In  this  study  was  generally 


electron 

analyzer. 


saaplc  surface. 


*as  typically  5 x 10  Torr.  Secondary  electron  laages  are 
help  locate  the  specific  areas  of  interest  on  a speclaen.  The 
nth  spectrometers  Has  a cylindrical  mirror 

ised  for  sputter  reaoval  of  atoas  froa  the 
i operated  with  an  argon  pressure  of  S x io 


Optical  Hicroreflectnaetry 

A nuaber  of  optical  techniques  including  elllpsoaetry  (B3HAN). 
differential  reflectoaetry  (83HUM),  optical  absorption  [76SATJ,  and 
infrared  absorption  [71HUN.79HUN]  have  been  used  to  optically  study  thi 
surface  fllas  foraed  on  seaiconductors.  aetals.  or  alloys.  The 
techniques  used  to  study  naturally  occuring  minerals  require  high 
spatial  resolution  due  to  the  complex  nature  of  the  phases  and 
impurities  present.  Optical  techniques  have  been  used  which  range  froa 
analysis  in  the  near  ultra  violet  region  [68V1S.83ASP.85ASP)  through  th« 
visible  and  near  Infrared  region  [62EHR.64PI1. . 68CAY , 60CF.R . 70BUR . 

72SHA,  73CAY , 73MAN . 74TBR2 . 76R0S . 79NES , 8 1 CAR , 83K0T  83MUI , 83SCH  8SREN 
85RUZ.86RBH]  for  a nuaber  of  naturally  occurring  alncrals  as  well  as 
synthetically  prepared  ainerals.  The  reflectance  technique  used  in  this 
study  to  optically  characterize  freshly  polished  surfaces  and  thin  filas 
foraed  on  these  surfaces  Is  called  optical  alcroref lectoaetry  <0MR). 
Traditionally  reflectoaetry  has  been  used  in  alneralogy  to  Identify 
saall  phases  present  within  an  ore  alneral . Percent  reflectance  versus 
wavelength  measurements  (roflectance  curves)  in  both  air  and  oil  have 
been  used  to  calculate  the  coaplex  index  of  refraction  (N  - n-  jx.  see 


function  of  wavelength 


discussed  in  Appendix 


to  optical  mirorcflectometer  ( i 


3.2)  was  developed  by  Ceye  (73CAV) . 
Figure  3.3):  (1)  a white  light  sour: 

3.3) .  (3)  the  Microscope  and  (4)  a t 
source  is  aonochroaotixed  and  focust 
The  reflected  light  is  also  focused 
is  aeasured  by  the  photomultiplier  1 

standard  (SIC)  is  generally  us< 


a monochromator  (see  Figure 
'.  White  light  from  the 
a sample  by  the  Microscope. 
Microscope  and  its  intensity 
•he  result  is  a reflectance 
versus  wavelength) . A 
reflectance  of  an 


specimen  or  tl 
reflectance  o. 


( standard  respectively,  and  RgtQn 
the  standard.  The  reflectance  cui 
id  nay  also  be  calculated  using  tl 


refraction.  Although  More  complicated,  a reflectance 
developed  to  calculate 
a thin  absorbing  layer  of 
model  is  described  in  Appendix 
onto  an  absorbing 


>1  coapound  (86REM).  Thii 
normally  incident  light 


parallel  interfaces.  Development  of  the  model  starts  with  the 
interaction  between  substrate  i and  air  k.  The  reflectance  coefficient 


Optical  layout  of  the  Oriul 


Orating  Monochromator 


where  n is  the  real  refractive  index  and  x is  the  extinction  coeffi- 
cient. The  optical  constants  n and  x are  related  to  the  conplex  index 
of  refraction  N,  by  N * n - j x.  The  phase  change  0^  of  light 
reflected  at  the  interface  is  given  by 


thin  fila  in  contact  with  air.  Reflection  at  both  interfaces  plus 
■ultiple  internal  reflections  within  the  single  hoaogeneous  layer  is 
traced  and  sunned  to  obtain  the  conplex  amplitude  of  the  wave  reaching 
the  detector.  An  overall  phase  change  can  be  described  which  Includes 
phase  changes  due  to  reflection  at  successive  interfaces  and  the  phase 
changes  duo  to  optical  path  difference.  The  resulting  reflected 
intensity  from  a substrate  (0)  covered  with  an  absorbing  thin  layer  (1) 
in  contact  with  air  (2)  is  denoted  as  R'  where  d is  the  thickness  of  the 
film  and  L is  the  wavelength  of  light 


Thus,  for  a single  honogeneous  layer,  the  resulting  reflectance, 
reflection  from  each  interface,  R.^,  the  optical  constants  n and  x,  the 


wavelength  of  light. 


extended  to  Multiple  thin  flips  on  a substrate  through  an  iterative 
procedure  as  discussed  in  Appendix  A [86REMJ. 

Description  of  eauloaent.  In  addition  to  the  conponents  that  sake 
up  the  OMR  (see  previous  section),  the  conputer  interfacing  used  to  step 
the  nonochroaator  and  record  the  reflected  Intensity  froa  the 
photodetector  will  also  be  discussed.  Finally,  the  data  collection  and 
data  reduction  procedures  used  to  obtain  the  reflectance  curves  of  a 
specimen  will  be  described. 

A detailed  description  of  the  OMR  where  the  numbers  for  each 
component  described  below  coincides  with  those  shown  in  Figure  3.2.  A 
beam  of  white  light  originates  from  an  Oriel  Quartz  Halogen  lamp  (si) 
which  utilizes  a 1000  watt  tungsten  filament  and  an  optional  rear  mirror 
assembly  to  Increase  the  output  light  intensity.  A constant  voltage 

light  intensity  reaching  the  monochromator  (S4),  A condensing  lens 
(f/0.7)  is  used  to  collect  the  radiation  and  focus  the  beam  uniformly 
onto  the  entrance  of  the  monochromator  slit.  The  beam  of  white  light 
passes  through  an  aluminum  cylinder  with  a copper  water  cooling  system 
(S2)  which  helps  dissipate  the  heat  developed  from  the  high  intensity 

The  Oriel  grating  monochromator  (model  S77325)  uses  a 1200  1/mm 
ruled  grating  which  is  driven  by  an  Oriel  stepper  motor  (S3).  The 
stepper  motor  is  mounted  onto  the  shaft  of  the  ruled  grating  and 
electrically  connected  to  a stepper  motor  controller  (S22)  within  a 
CAMAC  crate  (LeCroy  8013A)  and  controlled  by  an  1BM-PC  (S20)  The 
optical  layout  of  the  monochromator  Is  shown  In  Figure  3.3.  White  light 


passes  through 


he  grating.  This  light  i 
two  additional  mirrors  and  exits  through  a r»nm  all 
selectable  through  Interchangable  fixed  slits  (»5) 


light  enters  the  aicroscope  which  is  labelled  *6 
Figure  3.2.  The  brlghtfield  vertical  iliuainator  (*6)  is 
’ield  and  aperture  diaphragms  which  are  used  in 
:h  a brlghtfield  objective  (*7)  to  focus  the  monochromatic 


light  onto  a specimen  mounted  on  the  specimen  stage  («8).  The  objective 
used  is  a NO  Plan  20X  high  performance  plan  objective  with  a numerical 
aperture  of  0.4  and  a working  distance  of  1mm.  infinity  corrected 
optics  results  in  the  complete  elimination  of  ghost  images  and 
astigmatism  produced  by  the  half-mirror  (#9)  of  the  brightfield  vertical 
illuminator.  The  reflected  light  from  the  specimen  goes  through  the 
half-mirror,  a tube  lens  (SJO)  and  6.7X  photo  eyepiece  (#11)  before 

i the  photographic  unit,  the 
(#14)  at  the  entrance  of 
aperture  determines  the  area  on  the 
>e  analyzed.  A 1.3mm  diameter 
i of  20pm  in  diameter.  A prism  is 
to  direct  the  light  to  either  the 
3)  or  to  a focusing  telescope 

s radiant  energy  in  the  ultraviolet, 
f the  electromagnetic  spectrum.  An 


entering  the  photographic  unit  . 
reflected  light  is  directed  to  1 
the  photomultiplier  tube  (#15); 
surface  of  the  specimen  which  wi 
aperture  results  in  an  analyzed 
located  within  the  photographic 
photomultiplier  tube,  the  camera 
allowing  alignment  of  the  area  t 
The  photomultiplier  tube  de 
visible,  and  near  infrared  rcglo 

supply  (#16 ) was  used  in  this  sy 


2 supply  1 


voltage  required 

power  supply  (*17)  with  a 13.8  volt 
Multiplier  gain  was  controlled  by  tl 
provides  a regulated  output  voltage 
controlled  by  a 50Koha  variable 
photoaultiplier  tube  was  Increased,  the  dar: 
Typical  values  of  the  dark  current  were  bet' 
anode  output  signal  from  the  photoaultiplie: 
froa  2 to  lOOnA  was  lnputed  to  a Kelthley  41 
(#19)  for  digital  output  to  the  coaputer,  * 
GaAs  detector  which  allows  a spectral  range 
a spectral  sensitivity  as  shown  in  Figure  3. 
available  for  the 
neoessary  to  check 


supplied  by  a Tripplite  DC 
:put  voltage.  The  photo- 
current was  also  increased. 
■ autoranging  plcoanaeter 


le  optical  aieroref lectoaeter 


spectral  sensitivity  of  the  OMR  with  reference 
alualnua  were  used  to  obtain  reflectance  curves 
h reference  data  to  deteraine  the  sensitivity  of 
e for  optinal  use  was  between 


C equipped  with  a National  Instruaents  IEEE-488  interface 
h the  Koithley  picoaaaeter  and  the 

-488  interface  (S23).  The  program. 


Appendix  B. 
controller  wl 


Appendix 


Figure  3.4  Spectral  response  curve  for  the  GaAs  photocathode 
RCA  4832  photmultiplicr  tube. 


picoammoter  by  taking 


average  of  5 readings 


plcoamneter  starting  at  420nm.  storing  the  digital  value  in  a file,  then 
stepping  the  Motor  lOnm  and  repeating  the  data  collection  and  storage 
until  the  aotor  reaches  740nm.  The  stepper  motor  is  programmed  to  step 
back  to  390nm  then  to  420nm  to  account  for  any  backlash.  The  OMR  is  then 
ready  for  another  scan  between  420nm  and  740nm  or  any  region  within  that 
range.  The  entire  scan  from  beginning  to  end  takes  7 minutes.  The 
values  for  acceleration,  deceleration,  minimum,  and  maximum  speeds  of 


the  stopper  motor  controller,  thus  altering  the  time  to  complete  a scan. 


e.  in  order  to  obtain  reflectance  curve  of  a specimen  it 
is  necessary  to  use  a standard  of  known  reflectance  in  air  0*8tan)  and 
to  measure  the  reflected  intensity  of  the  single  crystal  SIC  standard, 
!gtan-  (single  crystal  SIC)  just  prior  to  measuring  the  reflected 
intensity  of  the  specimen.  I>pee,  in  air.  Knowing  Igtan.  Iapec’  and 

'spec  '"stan^  'stan*‘  Thls  calculatl“n  Is  done  on  the  IBM-PC  through 
LOTUS  123  which  imports  the  files  stored  for  reflected  Intensity.  Dark 
current  values  are  stored  at  each  step  in  a file  which  is  also  imported 


to  LOTUS  and  is  subtracted  from  the  reflected  intensities  of  the 

Percent  reflectance  as  a function  of  wavelength  is  graphed  with  the 
capabilities  of  LOTUS.  An  illustration  of  the  results  of  the  above 
procedure  is  shown  in  Pigure  3.5.  The  specimen  was  freshly  fractured 
bulk  chalcopyrite  which  prior  to  fracturing  had  been  heated  at  300eC  for 


Figure  3.5  Reflectance  curves  measured  from  OMR  taken  sequentially 
(0  ninutes-connected  boxes,  8 minutes  connected  plus 
signs)  to  determine  the  stability  of  the  instrument. 


to  first  align  the  specimen  so  that  a 20pn  flat  area  was  noraal  to  the 
optical  axis  of  the  microscope . The  fractured  area  was  not  exposed  to 

air  during  heating.  The  surface  of  a fresh  fractured  area  in  the  bulk 
was  not  affected  by  the  heat  treatment  and  is  equivalent  to  an  unheated 
speciaen  freshly  fractured  in  air.  Two  scans  were  taken  to  deteraine 
the  stability  of  the  instruaent.  the  first  involved  finding  a flat  area 
and  focusing.  The  second  scan  was  done  imaediately  after  the  (8 
alnutes.  Figure  3.5)  first  scan,  with  only  a saall  delay  due  to  checking 
the  area  and  aicroscope  focus  between  the  two  scans.  The  reflectance 
curves  were  found  to  be  equivalent  with  small  changes  nost  likely  due  to 
reaction  in  air.  The  stability  was  also  demonstrated  by  observing  that 


cllalcopyrlte  specimens  which  • 
laboratory  air  as  a function  t 


experimental  results  on  natural 

curves  based  upon  the  film  geometry  an 

film  layers  with  AES  and 
im  geometry  and  composition 


used  to  calculate  refloctance  curves  1 

specimens  and  depth  profiling  through 

Reflectance  data  further  defined  the  f 
geometry  when  experimental  data  were  compared  with  calculated 
tance  curves.  This  data  reduction  procedure  allowed  a number 
possible  compounds  which  could  not  be  uniquely  characterized  h 
and  XPS  to  be  tested  by  comparing  the  calculated  reflectance  c 
after  varying  the  compounds,  their  thickness 
spatial  geometry  with  experimental  reflectance  curves. 

A summary  of  the  chalcopyrlto  specimens  analyzed  is  shown 
Table  4.1.  Of  interest  is  their  mineralogical  origin  and  the  [ 
or  absence  of  inclusions  (which  Is  designated  with  a Y for  yes 
for  no).  Analysis  done  on  fractured  versus  polished  specimens 
designated  as  F and  P.  respectively,  while  a specimen  mounted 
araldite  matrix  was  designated  with  an  M.  Specimen 


Freshly  Polished.  Freshly  Fractured.  And  Unhi) 

X-ray  photoelectron  spectra.  Spectra  from  natural  specimens  o 


specimens  and  are  shown  1 
binding  energy  in  all  thr 


the  Cu(2p(3/2) ) spectra  wi 
e specimens.  Specimen  XE  1 


the  lowest  Cu(2p(3/2) ) intensity  with  a binding  energy  between  that  of 
specimen  RP  and  specimen  9C.  The  Cu(2p(3/21)  line  for  specimen  9C  was 

RF  but  showed  the  highest  intensity  of  the  three  specimens.  No  Cu 
satellite  shake  up  peaks  were  observed.  The  binding  energy  of  the 
Cu(2p(3/2) ) line  was  consistent  with  a sulfide  compound  (932. SeV).  The 


polishing 


1 2p  1; 


likely  due 


for  a natural  chalcopyrltc  specimen 
Cu  S inclusions. 


d chalcopyrito 


oils  used  In  the  polishing  procedure  (see  Chapter  3)  and  fron  the 
presence  of  silicate  regions  (present  in  gangue)  within  the  large  area 
sampled  with  XPS  (about  2mm  x Sam  diameter).  A S 2p  line  from  sulfate 
(approximately  188. 9eV)  was  not  observed  in  any  of  the  spectra  for 
polished  specimens  either  immediately  after  polishing  or  after  standing 
for  several  weeks  in  laboratory  air.  A summary  of  the  range  of  enorgles 


Binding  er 


:u  2p 


in  hydroxide 


hydroxide 


Auger  electron  spectra.  A freshly  polished  be  Bure  specimen  (RE) 
was  used  for  Auger  point  analysis  (this  sample  was  later  heated  at 
200*C) . An  Auger  spectrum  from  chalcopyrlte  next  to  a CuS/PeOOH  vein, 


s sputter  cleaning, 
wore  Cu  (918eV).  Pe 


(273eV)  as  a surface  contaminant,  how  energy  Cu  I.  W and  Pc  L W peaks 
were  observed  at  82eV  and  49eV  respectively.  No  oxygen  was  detected  on 


inclusion-1 


ScanninK  AES  point  analysis  from  an  unhoated  chalcopyrlte 
specimen  after  5 minute  sputter  cleaning:  a)  freshly 
polished  and  b)  freshly  fractured.  Peaks  of  interest  are 
S(i51),  C(272eV) , Fe(651eV).  and  Cu(91BeV). 


(YA)  was  freshly  polished,  then  fractured.  Both  the  polished  and 
fractured  surfaces  were  analysed  and  the  spectra  were  equivalent  to  thut 
for  a polished  area  fron  specimen  RE.  The  spectrum  from  the  fractured 
region  after  five  minutes  of  sputtering  is  shown  In  Figure  4.3b.  Thus, 
the  fractured  area  analysed  was  found  to  be  equivalent  to  a freshly 
polished  area.  The  C and  0 are  surface  contaminants. 

Optical  wlcrorcf lectometry  spectra.  Chalcopyrlte  specimens  from 
both  the  Le  Bure  and  Butte  deposits  wore  freshly  polished  according  to 
the  procedures  outlined  in  Chapter  3 Just  prior  to  obtaining  reflectance 
curves  from  the  optical  microreflectometer  (OMR).  Two  Le  Bure  specimens 
were  used:  RP,  with  Iron  oslde  inclusions  and  copper  sulfide  inclusions 
in  the  form  of  veinlets  and.  XB.  an  inclusion-free  specimen  (this 

contained  copper  sulfide  inclusions  equivalent  to  those  detected  in 
specimen  RF.  Experimental  reflectance  curves  are  shown  as  connected 
symbols  in  Figure  4.4n  for  chalcopyrlte  regions  in  specimens  RP,  XB, 
and  BE.  Calculated  reflectance  curves  are  represented  as  unconnected 
symbols  (boxes  and  x's).  The  calculated  curves  are  for  the  two 
crystallographic  orientations  of  FeOOH  designated  as  Rj  (boxes)  and  R 
(x's)  (see  Appendix  A).  Equivalent  OMR  curves  were  obtained  for  each  of 
the  samples,  and  similar  curves  wore  observed  for  all  freshly  polished 
samples  Independent  of  the  origin.  The  slight  differences  observed  in 
the  reflectance  spectra  of  Figure  4.4o  may  result  from  slight 
differences  in  the  stoichiometry  at  the  surface.  These  differences 
could  result  from  specimen  origin,  however,  the  initial  reaction  at  the 
surface  upon  exposure  to  air  can  also  cause  changes  In  the  surface 
reflectivity  (72WOOJ  of  a specimen.  This  has  been  observed  for  a number 


of  sulfide  Minerals  [73CAY.81H0L.63REM.8SREM] . Reflectance  coefficients 
published  by  the  International  Mineralogicnl  Association  (IMA). 
Commission  for  Ore  Microscopy,  were  plotted  to  obtain  the  reference 
reflectance  curve  for  tetragonal  CuFeS?  (see  Figure  4.4b)  for  the  two 
crystallographic  orientations  [77CAY3).  Ro  (ordinary)  and  Re  (extra- 
ordinary). The  two  orientations  were  obtulned  from  a polycrystalline 
chalcopyrite  specimen  polished  with  chronic  oxide.  A large  grain  within 
the  specimen  was  chosen  and  the  reflected  Intensity  was  monitored  as  the 

obtained.  The  reflectance  curve  obtained  at  this  orientation  was  for 

Reflectance  curves  for  a freshly  fractured  be  Bure  specimen,  CA,  and  a 
Butte  specimen.  RMF , that  was  heat  treated,  then  freshly  fractured  are 
shown  in  Figure  4.5.  These  curves  showed  an  overall  equivalent  shape 
with  higher  percent  reflectance  between  450nm  and  740nn  as  compared  to 
those  shown  in  Figure  4.4.  Their  wavelength  and  reflectance  maxima  and 
minima  values  640nm  for  bnax  and  45*  (specimen  CA)  and  50*  (specimen 


Inclusion  identification.  Electron  probe  microanalysis  (EPMA).  in 
conjunction  with  AES  and  OMR.  was  used  to  examine  the  phases  found  in  a 
bulk  Le  Bure  (XG)  and  Butte  (RQ)  specimen.  An  optical  photomicrograph 
representative  of  a bulk  chalcopyrite  specimen  is  shown  in  Figure  4.6 
for  specimen  RQ  (Butte)  showing  veinlets  (copper  sulfide  and  iron  oxide) 
within  the  bulk  chalcopyrite  matrix.  X-ray  images  (300pm  x 300pm)  for 
elemental  Fe.  Cu,  and  S are  shown  for  specimen  RQ  in  Figure  4.7.  The 
chalcopyrite  region  had  Cu.  Pe.  and  S present,  the  region  immediately 
in  contact  with  chalcopyrite  had  only  Cu  and  S.  The  iron  oxide  region  in 


Optical  photomicrograph  of  a natural  specimen  of  bulk 
cholcopyrite  (C)  with  chalcoclte  (T)  inclusions 
originating  from  Butte  (RG). 


X-ray  elemental  naps  for  Butte  speciaen  RQ;  a)  Cu.  b)  Pe, 
and  c)  S.  Maps  have  diaenslons  of  300pm  x 300pa.  Regions 
which  can  be  Identified  are:  C - chalcopyrite,  S - Copper 


low  signals  fro*  Cu  and  S.  Quantitative  analysis  was  consistent  with 
CuPeSg  as  the  bulk  Material  and  CuS  as  the  Mineral  in  direct  contact 
with  CuFeSg . Data  from  AES  (see  Figure  4.8a)  conflraed  that  the  iron 

peak  was  split  Into  two  peaks  that  have  been  associated  with  an  iron 
oxide  [77EAD.76L0S)  and  in  this  case  with  FeOOH  (75SEO).  The  presence 
of  Cu  and  S in  the  Cu-sulfide  region  (see  Pigure  4.8b)  and  Cu.  Fe.  and  s 
in  the  chalcopyrlte  region  was  confirned  with  AES  data.  Data  froa  EPMA 
showed  that  arsenic,  silver,  seleniun.  and  indiun  were  below  the 
detection  limits  of  270ppm,  500ppm.  SOOppn,  and  850ppn,  Respectively  in 
chalcopyrlte. 

Reflectance  curves  from  the  three  phases  (chalcopyrlte,  copper 
sulfide,  and  iron  oxide)  in  specinens  XC  and  RQ  are  shown  in  Figure  4.9. 
They  correlate  with  the  areas  analyzed  with  EPMA  with  the  exception  of 
the  copper  sulfide  region  in  the  be  Bure  speclnen  (XG) . The  reflectance 
curves  in  Figure  4.9a  were  consistent  with  that  for  a chalcopyrlte 
region  (coapare  with  Figure  4.4).  The  copper  sulfide  region  was  not 

analyzed  in  specimen  XG.  The  reflectance  curve  for  the  copper  sulfide 
region  in  specimen  RQ  is  shown  in  Figure  4.9b  and  when  compared  with  IMA 

covellile,  CuS.  The  reflectance  curves  in  Pigure  4.9c  were  from  the 
iron  oxide  region  and  when  compared  with  the  IMA  reference  reflectance 
curves  for  goethite  (FeOOH)  and  lepidocrocitc  (PeO(OH))  was  most 
consistent  with  goethite.  The  two  crystallographic  orientations  Rj  and 


goethite 


lepidocrocite. 


reflectance  curve  In  the  visible  region  for  goethite  has  been  shorn  to 
be  similar  to  linonite  [71HUN1.  which  is  another  iron  oxide  mineral. 
Llaonite  is  actually  oryptocrystalllne  goethite  or  lepidocrocite  along 
with  hematite  and  additional  water  (12  to  14*  by  weight). 


Optical  data  from  the  reflectance  curves  will  be  discussed  b; 
referring  to  reflectance  maxima,  haaJ£.  in  percent  (*)  and  their 
corresponding  wavelengths.  L>|ix,  In  nanometers  (nm).  Similarly  a 
reflectance  minimum,  and  its  corresponding  wavelength,  L , . 

be  referred  to  throughout  this  study.  Data  for  the  reflectance  mi 
and  minima  from  different  specimens  are  shown  in  Table  4.3. 


Hav'leng'b  and  reflectance  maxima  and  minima  for  unheated  specimens  from 


Reaction  Of  Chalcoovrlte  I 


ly  Photoelectron  Spectra. 


inclusion-free  L 
le.  The  specinen  rem 


lure  specinen, 
a polished  and 


YA.  ms  polished  then  fractured  In  order 

laboratory  air  for  16  days  before 

In  analyzing  the  fractured  area,  aluminum  foil  was  used  to  nask  a 
small  area  of  the  specinen  for  analysis.  Visual  observation  of  the 
fractured  suface  showed  non-uniform  tarnishing  with  sonc  areas  bright 
gold  and  other  areas  being  dull  orange-pink  In  color.  The  area  nasked 
included  areas  that  were  lightly  and  heavily  tarnished,  therefore  XPS 
data  ore  slnultaneously  collected  from  both  areas.  Auger  point  analysis 

The  XPS  survey  spectra  from  the  polished  area  was  equivalent  to 
those  taken  from  other  chalcopyrlte  specimens.  A thin  Iron  oxide  layer 
Is  detected  after  polishing  with  dianond.  The  survey  spectra  for  the 
fractured  area  of  the  specinen  showed  the  presence  of  a sulfate  compound 
In  addition  to  a sulfide  compound  as  shown  In  Figure  4.10  for  the  S 2p 
spectrum.  Copper  was  present  in  the  Cu+*  state  on  fractured  surfaces 
as  indicated  with  XPS  by  a weak  satellite  shake-up  peak  at  943. 6eV  (see 
peak  labelled  A in  Figure  4.10).  The  detection  of  a sulfate  sulfur 
(169. OeV)  and  the  Cu++  (labelled  peak  B at  935. OeV  in  Figure  4.10) 
suggests  that  a copper  sulfate  is  present.  Copper  sulfate  compounds  are 
found  in  nature  during  leaching  and  during  high  temperature  roasting. 

In  contrast,  the  Cu  2p  peak  was  only  weakly  detected  from  the  polished 
as  compared  to  the  fractured  surface  of  the  same  sample  which  suggests 
in  layer  was  present  at  a thickness 


XPS  survey  spectra  of  a fractured  speciaen  of  chalco- 
pyrite  originating  fro»  Le  Bure  and  containing  no 
inclusions.  The  S 2p  at  approximately  169eV  is 
indicative  of  a sulfate  while  that  at  162eV  Indicates  a 
sulfide.  For  the  Cu  2p(3/2)  peak,  peak  B and  the  shake- 


The  fractured  specimen  Is  not  a fresh  fracture  in  the  sense  of  an 
unoxidised  surface,  but  rather  should  be  categorized  as  ocurrlng  from 
geologic  oxidation  along  a crack.  The  polished  specimen  showed  an 
Pe(2p(3/2)/Cu(2p(3/2)  Intensity  ratio  that  was  larger  than  for  the  truly 
fractured  areas  by  a factor  of  5.  This  suggests  that  the  polished 
surface  is  Iron-rich  (fro.  oxidation  of  iron)  while  the  fractured 
geologic  surface  is  copper-rich  (due  to  leaohlng  conditions). 

Auger  electron  spectra.  Auger  point  analysis  was  used  to  analyze 
the  other  half  of  specimen  YA  (he  Bure.  Inclusion-free,  unheated) 
fractured  In  air  to  determine  if  freshly  fractured  specimens  showed 
spectra  equivalent  to  freshly  polished  surfaces.  The  main  peaks  of 
interest  were  Cu(918ev),  Fe(651eV).  S(lSleV).  and  0(S12eV).  Carbon- 
(272eV)  was  found  at  the  surface  a 


r fracturing  the  specimen  and 
analysis  the  specimen  was  allowed 
Auger  point  analysis  was  employed 


after  2.5  minutes  of  sputtering.  Af 
analyzing  the  surface  with  Auger  poll 
to  sit  in  laboratory  air  for  25  days 
again  after  25  days  to  determine  the 
specimen  YA  showed  similar  tarnished 
for  XPS  analysis.  Several  points  in 

rich  regions  would  be  consistent  with  the  copper  sulfate  found  f 
on  fractured  surfaces.  The  Iron  and  oxygen  rich  regions  would  be 
consistent  with  the  observance  of  Pe(2p(3/2)|  peaks  with  XPS  sine 
area  of  analysis  for  XPS  is  approximately  2mm  in  diameter.  Thus, 
although  there  are  areas  naturally  tarnished  after  fracturing,  th 
other  areas  with  minimal  tarnishing  detected.  It  was  these  areas 
were  compared  with  the  polished  areas  after  25  days  in  laboratory 


the  polished  (Figure  4.1 


Auger  point  analysis  from  two 
natural  oxidation)  was  employed  to 
formed  after  exposure  to  laboratory 


areas  of  specimen  ZB  (Le  Bure. 

e surface  of  both  areas  consisted 
0 seconds  of  sputtering  to  remove  C, 
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Figure  4.11  Auger  survey  for  specimen  YA  polished  and  reacted  at  23*c 
for  25  days:  a)  spectra  for  unsputtered  surface  and  b| 
spectra  after  2 minutes  sputtering. 


Auger  sputter  dopth  profile  for  two 
naturally  tarnished  In  air  for  9 not 


i,  and  S peak  to  peak  heights  at  the 


oxidc/substrate  interface  which  is  believed  to  result  froa  charging. 
The  Cu-S  layer  for  the  red-purple  area  (see  Figure  4,13a)  is  closer  i 
the  surface  (thinner  iron  oxide)  than  for  the  dark  orange-brown  area. 
Auger  spectra  before  sputtering  detected  a snail  Cu  peak  in  the  red- 
purple  area  while  no  Cu  peak  was  detected  in  the  dark  orange-brown 
region  suggesting  that  the  Cu  is  closer  to  the  surface  or  has  a nixed 
heterogeneous  layer  with  the  iron  oxide.  Between  5 and  10  ninutes  of 
sputtering,  the  Cu(018)/Fe(6Sl)  and  Cu(918)/S(15I)  ratios  are  > 1.0  I 

bulk  chalcopyrite.  After  14  ninutes  of  sputtering  0 was  detected  in  l 

decreased  in  intensity  to  bulk  chalcopyrite  values  while  0 was  not 
detected  after  14  ninutes  of  sputtering  (CuPCj  35s2  j). 

Sputtering  was  discontinued  after  14  ninutes.  Since  an  0 peak  w. 
detected  for  the  red-purple  area  while  not  for  the  orange-brown  area 
it  was  of  interest  to  see  if  surface  coloration  was  different.  The 
fornerly  red-purple  area  was  associated  with  a light  gold  brown  color; 

Thus,  the  color  observed  is  due  to  contributions  fron  the  optically 
absorbing  surface  compounds  present  and  the  thickness  of  the  layers. 


reported  for  CdS  crystals  (58W00)  that  have 
surface  or  a large  concentration  of  sulfur 
unstable  In  oxygen.  Diffusion  of  the  oxygen 


i at  room  temperature.  This 
temperature.  Another  posslblle 
from  sputtering  effects  since 
s {silicate) 


, light  golden- 


vacancies  was  noticeable  a: 
process  could  be  hastened  I 
explanation  for  the  presence  of  0 may  be  fi 
the  area  analyzed  was  immediately  adjacent 

Experimental  optical  mlcroreflectometrv  spectra. 
exposures  in  laboratory  air  (>1  year)  of  an  inclusion-fi 

color  to  a surface  with  regions  wh 

brown  (curve  B).  and  dark  golden-brown  (curve  A)  in  color.  The 
wavelength  and  reflectance  maxima  and  minima  are  shown  In  Table  4.4. 

The  polishing  procedure  on  this  specimen  was  slightly  different  than  for 
: was  polished  In  Metadi  fluid  rather  than  a 
petroleum  ether  mixture,  then  cleaned  in  ethanol  rather 
ether.  Additionally,  the  specimen  was  embedded  in  an 
While  these  differences  in  handling  are  reposrted  for 
re  not  believed  to  Influence  the  long  term  oxidation 
air.  The  reflectance  curves  for  specimen  D 
dramatically  distinct  from  those  of  a freshly 


than  petroleum  et. 
araldlte  matrix, 
accuracy,  they  an 
behavior  of  sample 


polished  specimen  or  one  exposed  for  a short 
characteristic  wavelength.  I , associated  w 
Rmax’  shi,te<l  from  680nm  (curve  C)  to  720nm  (i 


le  maximum  intensity. 


e spectrum. 


a clear  R^in  from  freshly  polished  chalcopyrlte:  however, 
as  the  speclaen  darkened  (curve  A compared  to  B)  an  Increased 
reflectance  at  approximately  420nm  (blue-violet  portion  of  the  spectrum) 
was  observed.  The  colors  observed  correlated  with  a decrease  In 
reflectance  from  the  yellow-green  portion  of  the  spectrum  and  an 
Increase  from  the  high  and  low  wavelength  pc 
Shifts  of  to  longer  wavelengths  will  b( 
thicker  reaction  product  layer. 

After  9 months  In  laboratory  air.  Inclusion-free  specimen  2B  was 
analysed  with  OMB  at  the  same  two  areas  analyzed  with  AES  (see 
Figure  4.13  and  Figure  4.14).  The  wavelength  and  reflectance  maxima  ni 

(Figure  4.15b.  curve  C)  was 
and  an  even  further  si 


e orange-brown  region  on 

observed  within  specimen  ZB  (see  Tt 
o longer  wavelengths  was  measured  ft 
ark  golden-brown  region  of  specimen 


is  observed  ac 


n region  of  specimen  ZB.  Thus, 
ss  an  inclusion-free  specimen  w! 


ir  chalcopyrlte  regions 


immediately  after  fracturing, 
after  fracturing.  A decrease  : 


the  overall  percent  reflectance  Mas 


specimen  C was  already  ti 


‘t  observed  al 


4.15s  and  Table  4.4).  Consequently  the  sma! 

previously  tarnished  surface.  In  addition,  copper  sulfate  has  bei 
observed  upon  fractured  surfaces  (see  Plgure  4.10).  Thickening  ol 

little  to  no  shift  In  Lnax  since  the  sulfate  is  nonabsorblng. 

Mas  used  to  calculate  optical  reflectance  curve  of  an  absorbing 
substrate  covered  Mith  multiple  thin  layers  of  absorbing  materials  (see 

on  the  surface  Mere  modelled  and  compared  Mith  experimental  c 
Data  obtained  from  AES  and  XPS  were  utilized  to  help  narrom  t 
compounds  and  their  thicknesses.  The  outer  layer  is  an  oxide/hydroxide 


Figure  4.16  Reflectance  curves  for  specimen  C fractured  In  air  and 
ln'lab"1  *curve  “)  ™d  08  8 function  of  time 


peak  at  a binding  energy  which  is  characteristic  of  a copper  sulfide  was 
olso  detected.  These  include  covelllte  (CuS),  chalcocite  (Cu2S). 
bornite  (Cu5PeS4l.  and  chalcopyrite  (CuPeS2)  all  of  which  are  in  the  *1 
valence  state.  The  layer  in  contact  with  chalcopyrite  is  model  led  as 
copper-rich  bornite.  justified  in  part  by  the  fact  that  chalcopyrite  and 
bornite  may  be  found  together  in  nature  [dOAND).  The  outer  layer  was 
modelled  with  Fe304  and  the  intermediate  layer  with  a copper  sulfide  as 
shown  schematically  in  Pigure  4.17  through  Pigure  4,19.  The  thickness 
of  the  CuS  or  the  Cu  S intermediate  layer  was  much  thinner  than  the 
Pe3°4  outer  laver  and  the  Cu-PeS4  layer  in  contact  with  chalcopyrite. 

reflectance  curve  can  be  calculated  for  either  two  homogeneous  layers  or 
one  heterogeneous  layer  with  the  same  resultant  curve.  In  addition, 
changing  the  spatial  geometry  of  the  layers  and  placing  the  iron  oxide 
layer  between  the  copper  sulfide  and  the  bornite  layer  had  no  errect  on 
the  calculated  reflectance  curves.  Thus,  either  a heterogeneous  outer 
layer  structure  or  an  outer  layer  of  copper  sulfide  with  an  Intermediate 
iron  oxide  layer  would  allow  simultaneous  detection  of  both  the  sulfide 
and  the  iron  oxide  as  Indicated  from  XPS  data.  Calculated  curves  for 
Lain  at  approximately  425nm.  490nm,  and  520nm  are  shown  in  Pigure  4.17, 
Pigure  4.18.  and  Pigure  4.19.  respectively.  The  calculated  and 
experimental  reflectance  curve  shapes  wore  most  consistent  when  the 
series  of  layers  and  compounds  shown  schematically  in  Pigure  4.17 
through  Figure  4.19  were  utilised.  The  ratio  of  thicknesses  were 
dictated  by  balanced  chemical  equations  discussed  in  Chapter  5. 

These  data  demonstrate  that  the  outer  iron  oxide  and  copper  sulfide 


Experimental  v 


calculated  (curve  c|  reflectance 
"curv"1'.  )°r  75  “ "'1  15yrs  nn  sl"fc  1 *cn 
mram  of  the  film  layers  and  range  of 


Kxperl mental  ( 
reflectance  ct 


reaction  at  23*c  (.70)  yrs.  for 


surface  or  below  the  copper  suiride  layer 
underlying  bornite  layer  is  node  1 led  in  co 


surface.  The 


thickness  froa  reactions  at  2S*C  range  from 
to  520nm.  The  chalcoclte  layer  thickness 


ranges  froa  Inn  to  2.7n». 


Induced  Oxidation  In  Ataosphere 
Low  Teaperature  Heat  TrMmm. 

X-ray  photoelectron  spectra.  X-Ray  photoelectron  spectroscopy 
(XPS)  was  used  to  analyze  four  Le 
RC(0.5hrs) . RD(lhr).  RJ(lhr),  and  RA(12hrs) 
each  speciaen  Is  shown  in  Figure  4.20.  The 

Additionally  the  sulfide  lines  were  observei 


in  each  speciaen. 
:h  specimen  with  th 


rhe  Si  2p  line  observed  i 
>b,  and  Pigure  4.20d  is  a 


exception  of  speciaen  RA(12hrs.200"C). 
survey  scans  of  Figure  4.20a.  Figure  4 
likely  from  polishing  oils  as  describe 

In  addition  to  survey  scans,  specific  XPS  peaks  were  at 
higher  energy  resolution.  High  resolution  S 2p  spectra  were 
froa  the  specimens  heated  for  0.5  hours.  1 hour,  and  2 hours 
4.21a).  The  S 2p  peak  at  168. OeV  indicates  that  a sulfate  i 
while  that  at  approximately  16; 


resulting  in  a less  intense  sulfide  peak.  The  Pe  2p  spectra  fro.  the 

(1-OeVJ  to  a lower  binding  energy  and  a satellite  line  detected  at 
approxlaiatoly  718. OeV  was  observed  for  RJ(2hr8,200*C)  as  compared  to  the 
other  specimens.  The  0 Is  spectra  for  the  sane  three  speci.ens,  shown 
in  Figure  4.21c,  illustrate  that  two  peaks  at  binding  energies  of 
531. 4eV  and  532. 4eV  (identified  as  a hydroxide  and  sulfate  respectively) 
grow  in  intensity  as  the  heating  tiae  at  200'C  is  increased  fro.  0.5 


surface  is  enriched  i 


Conversely,  I 


a hydroxide 
2p  peak  (set 


peak  at  531. OeV,  identified  as  a 
temperature.  Thus,  the  outer 
and  sulfate  compound  as  a function  of 
Pigure  4.21)  was  detected  only  for 


due  to  nonunifornity  in 


a copper  sulfide  layer  a' 


shown  in  Pigure  4 

frequently  exhibit  chemical 
photelectron  lines  di 
changes  with  heating 


y induced  Pe  LMM  Auger 
specimens  were  quite  b 

larger  relaxation  energies  (79WAG.83BRI) 
were  observed  in  the  Auger  line  shapes  wl 


V (339eV)  lim 


if  observed  for 


e Mas  increased.  Moreover,  there  was  no  shift  in  the 
peak  energy  towards  either  Cu(OH)  , Cu  0.  or  Cuo. 

Auger  electron  spectra.  Three  specimens  were  heat  treated  at  200" 
for  2 hours  and  analyzed  with  AES.  Depth  profiles  were  measured  to 
deteraine  the  film  geometry  and  relative  thickness  of  each  layer. 

Atomic  concentration  of  the  element  versus  sputter  time  for  specimens 


E (Le  Bi 


: with  inclusions).  Y 
i inclusions  of  Cu  S) 


split  in  the  low  energy  Pe 
on  the  unsputtered  surface 
couple  of  minutes  (1  to  1.5  minutes) 


iurc  without  inclusions),  and  BH 
ipth  profiles  as  shown  In  Figure 
observed  at  the  surface  from  the 
Copper  and  sulfur  were  detected 

sputtering,  0 di 


the  S and  Cu  were  seen  to  increase  li 
sputtering  (6  minutes)  was  required  to  see  the  same 
BH.  The  Fe-0  interaction  Is  most  obvious  in  specia 
the  outer  Iron  oxide  layer  Is  distinct  from  the  inm 
thicker  for  specimen  BH.  This  is  not  as  clearly  sei 

at  the  surface.  The  bulk  composition  is  depleted  li 
approximate  composition  of  CuFe  S 0 . The  inm 


and  YC.  Longer 
trend  for  specimen 
ins  BH  and  RE  where 

in  for  specimen  YC 
icted  simultaneously 

r layer  of  specimen 


JJS  depth  profiles  for  polished  specimens  heated  .. 
,e  Bure  without  inclusions,  and  cl  BH  Butte  with  O 


le  may  be  simultaneously  pi 


e surface  of  specimens  Yi 


» energy  Fe  MVV  peaks  detected  at  the  unsputterod  and 
urfaces  (between  5 and  6eV)  are  consistent  with  an  Fe  0 
and  a small  amount  of  FeOOH  (since  a hydroxide  was  detected  with 
s indicated  by  the  peak  energy  difference  (see  section  Reaction  o 


Chalcopyrlte  in  Laboratory  Air), 
specimen  BH.  the  Cu/S  ratio  is  Ft 

an  iron  sulfide  was  not  detected 
the  surface  layer  is  a mixed  Cu  S 
Fractured  chalcopyrlte 
determine  if  the  film  layer 
then  heated  specimens.  Two  Le  Bt 
then  heated  at  200“C  for  2 hours.  Specimen  MBP 
while  specimen  LBP  contained  Inclusions  of  FeOOl 
profiles  for  the  CuPeS2  region  of  each  specimen 
4.23.  Specimen  MBF  (without  inclusions)  has  a t 
layer  (see  Figure  4.23a)  that  goes  to  a bulk  CuF 
A Cu/S  ratio  greater  than  unity  is  detected  afte 
sputtering  which  indicates 
iron  sulfide  compound  may  I 


Within  the  iron  oxide  layer  1 
later  than  unity  and  i 
►st  likely  bonded  to  the  oxygen  since 
row  XPS  data,  again  indicating  that 

equivalent  to  that  of  polished 
specimens  were  freshly  fractured 

inclusions 


t to  a bulk  CuFeSg  at  greater  depths. 

copper  sulfide  and/or  a copper-rich 
nt  between  the  surface  oxide  and  the 


Specimen  LB 
4.5  minutes  o 


(with  inclusions)  h 
sputtering  the  Cu/S 


depleted  In  Cu  and  S.  Since  these  specimens  were  immediately  fractured 
before  heating  it  was  not  possible  to  know  which  areas  had  previously 
existed  as  cracks  and  were  tarnished  before  fracturing.  In  spite  of 
this,  the  outer  layer  on  all  samples  was  an  iron  oxide  just  as  was  found 
on  polished  specimens  of  chalcopyrite.  An  intermediate  copper-rich 
sulfide  layer  is  demonstrated.  The  region  beyond  the  intermediate  layer 
which  should  hove  been  the  bulk  chalcopyrite  may  in  fact  have  been 
altered  due  to  previous  reactions.  The  inclusion-free  specimen  did  show 
a depth  profile  that  was  equivalent  with  specimens  8H  and  RE  suggesting 
that  the  reaction  at  a fresh  fractured  surface  is  equivalent  to  a 
polished  specimen  at  200*c. 

°P-tl_cal  photomicrographs.  Chalcopyrite  specimens  from  the  he  Bure 

hours.  An  optical  micrograph  representative  of  the  four  specimens  is 
shown  In  Figure  4.24  (specimen  RJ).  Chalcopyrite  regions  were  measured 
with  OMR  from  specimens  RC(200"C.0.5hr) . RD(200*C.Ihr) . RJ(200'C.2hrs) , 
and  RA(200*C.12hrs).  All  polished  Le  Bure  specimens  contained  many  more 
FeOOH  inclusions  than  CuxS  (x-  l to  2)  Inclusions.  The  optical 
photomicrograph  taken  at  a magnification  of  400X  shown  in  Figure  4.24 
he  specimen  but 


Optical  Photomicrograph  representative  of  a bulk 
chalcopyrite  (C)  specimen  (RJ-Le  Bure)  with  covellite 
and  goethlte  (P)  inclusions.  The  black  areas  observed 


Figure  4.85  Reflectance  curves  for  bulk  chalcopyrite  specimens  heated 


to  those  from  a freshly  polished  specimen,  with  only  a slight  decrease 
in  RBax  and  a corresponding  increase  in  Lnax.  In  addition,  a decreased 
reflectance  at  420nm  (13%!  was  observed  as  compared  to  freshly  polished 


in  Figure  4.25  with  a shift  In  L to  higher  wavelengths  and  an  overall 
decrease  In  reflected  intensity.  A reflectance  minimum,  L^.  develops 
at  2 hours  and  shifts  to  longer  wavelengths  with  a lower  with 


to  540nm.  The  values  fi 


;urc  specimens.  Buttt 


with  Le  Bure  specimens  which  contained  inclusions  of  CuS  and  FeOOH.  The 


h shifts  observed  in  Lajn  up  to  52< 
ift  is  associated  with  an  increase 


Wavelength  and  reflectance  a 


Reflectance  ci 


Increased  reactivity  which  Is  dependent  u 
Inclusions.  The  Cu  s Inclusions  In  Butte 
been  observed  to  transform  to  bornlte  at 


ioop»  away  f run  the  copper 
e Increase  In  I.^  is  due  to 
the  copper  sulfide 

“C  and  300*C  (see  Appendix 


C).  Thus  an  Increase 

CUgS  was  observed  both  as  a shift  In  the  L f value  as 
increase  In  the  thickness  or  the  outer  iron  oxide  as  ol 
depth  profile  data.  The  reaction  of  chalcopyrite  at  2: 
equivalent  In  the  reaction  products  foraod  however  the 
reaction  la  afrected  by  the  increase  In  tenperature  am 
Interaction  of  the  copper  sulfide  Inclusions. 

To  cospare  fractured  specimens  heated  at  200°C  w!1 
speciiaens  XPS  was  used  to  analyse  the  surface  products, 
curves  for  Le  Bure  specimens  LBP  (with  Inclusions)  and  MBFIwlthout 
Inclusions)  freshly  fractured  then  heated  at  200®C  for  2 hours  are 


e reactivity  of  chalcopyrite  in  contact  w 


In  Figure  4.28.  The  reflectance  curves  for  freshly  fractured  areas  are 
equivalent  to  those  observed  for  freshly  polished  specimens.  After 
heating,  the  saae  areas  were  analyzed  with  OMR . In  the  case  of  specimen 
MBP  the  saae  area  was  analyzed  with  AES,  however  this  was  not  possible 


with  specimens  I.BP,  Auger  data  suggested  that  a thin  outer  Iron  oxide 
layer  was  associated  with  a copper  sulfide  and  an  intermediate  copper 
rich  sulfide  layer.  These  data  suggest  that  for  true  fresh  fractured 
areas  of  chalcopyritc  the  reaction  at  200"C  is  equivalent  to  that  of  a 
freshly  polished  specimen  and  Is  an  extension  from  the  reaction  at  23*c. 

Calculated  optical  mlcroref lectometrv  spectra.  Calculated 
reflectance  curves  for  low  temperature  heat  treatments  wore  modelled 
with  a bornlte  layer  in  contact  with  the  bulk  chalcopyrlte.  an  outer 


Calculated  and  experimental  reflectance  cui 
Pigure  4.27  for  polished  specimens  heated  . 
reflectance  curves  for  rracturcd  specimens 
shown  In  Pigure  4.27.  Reflectance  curves  l 
represent  experimental  data  while  the  curvi 
represent  calculated  data.  These  were  besl 
copper  sulfide  layer  and  the  iron  oxide  la) 
with  AES  data.  The  reflectance  cut 
RJ(2hrs)  are  represented  in  Pigure 
plus  signs,  respectively.  They  are  compared  with  a calculated  curve 
an  Pe30^  outer  layer  which  Is  designated  with  unconnected  triangles 
triangles).  Por  the  thin  layers  represented  with  l.mln=420nm  to  430m 
the  calculated  curves  were  similar  with  Pe  0 or  PeOOH  this  was  nine 


!00*C.  Experimental 


r specimens  RD(lhr)  a 


Figure  4.26  OMR  reflectance  curves  for  Lc  Bure  speciaens  f.BK  (with 
inclusions)  and  MUH  (without  inclusions):  a)  fresh 
fractured  and  b)  after  heating  at  200*C  for  z hours. 


Thickness  Range  0 (nm) 


Calculated  (curve  c)  OMR  reflectance  curves  versus 
experimental  curves  for  he  Bure  specimens  heated  at  200°C 

(curve  a)  (2  hrs)  and  I.)  Schematics  of ' the  film  layer 
structure  for  calculated  reflectance  curves. 


for  Lrger  shifts  In  L>(n  whore  the  Iron  oxide  wee  consistent  with  on 
Pe3°4  laycr-  Por  the  fractured  specimen  HBP  the  difference  between 
freshly  polished  and  heated  reflectance  curves  with  l »425-430nm  lei 


r comparison  was  done  for  two  areas  o 
d S40nm  as  shown  in  Figure  4.28.  The 
was  modelled  with  Cu2$  (l.STnm)  for  I. 
ide  was  Fe^O^ ( lOnm ) . The  calculated  . 

d diamonds.  Por  L =i 


i specimen  81 
copper  sulf. 


k (see 


shifts  to  longer  wavelengths 
Since  the  copper  sulfide 


the  overall  thickness  of  the  film 
layer  is  much  thinner  than  either  the  bornite  or  the  outer  iron  oxide 
layer  both  compounds  fit  the  data  equally  well.  However,  by  not  using 
copper  sulfide  layer  the  calculated  reflectance  curves  arc  much  less 
consistent  with  the  reflectance  data  (discussed  in  Chapter  S).  In 
addition  by  using  either  Fe^  or  PeOOH  as  the  outer  layer  the 
comparison  between  calculated  and  experimental  curves  was  not  good. 

This  will  also  be  discussed  in  Chapter  5. 

These  data  suggest  that  the  film  layer  structure  consistent  with 
AES.  XPS,  and  OMR  data  result  in  an  outer  iron  oxide  and  copper  sulfide 
layer  with  an  Intermediate  bornite  layer  In  contact  with  the  chalco- 

outer  iron  oxide  thickness  that  ranges  from  4nm  to  ZOnm  while  the  copper 
sulfide  layer  ranges  from  lnm  to  3mn  The  born 
ranges  from  Snm  to  29nm  for  the  corresponding  s 


e layer  thickness 


Moderate  temperature  Heat  Treatments 

Xjay  photoelectron  spectra  froa  chalcopyrlte  specimens  with 
Inclusions.  Bulk  specimens  of  chalcopyrlte  froa  I.e  Bure  and  Butte  were 
heat  treated  at  300 °C  for  tinea  ranging  between  1 and  4 hours  in 
laboratory  air.  Specinen  RG  was  heated  for  1 hour,  while  RK.  RP.  and  BB 
(Butte)  were  heated  for  2 hours  and  RN  was  heated  for  4 hour..  The 
S Bp,  0 la.  Pe(2p(3/2)),  and  Cu(2p(3/2)|  lines  froa  four  speciaens  are 
coapared  In  Figure  4.29.  The  Inforaation  fro.  each  peak  will  be 
discussed  in  turn,  beginning  with  the  S 2p  peak. 

All  of  the  s 2p  peaks  were  shifted  to  an  energy  near  169. OeV 

a sulfote  (see  Figure  4.29a).  No  elemental  sulfur  was 
I.OeV  but  very  weak  sulfide  peaks  between  161, OeV  and 
162. OeV  were  observed  for  speciaens  RG  and  RN.  These  weak  peaks  could 
have  been  due  to  a Kp  X-ray  satellite  line  (about  7. OeV  below  the  main 
line)  but  the  absence  this  line  for  speci.en  RF  proves  that  the  sulfide 
peak  reported  above  was  weak  but  real.  As  indicated  previously,  an 
oxide  sufficiently  thick  to  totally  attenuate  electrons  froa  the 
substrate  is  present,  therefore  the  sulfide  aust  be  dispersed  in  the 
iron  oxide.  The  0 is  lines  shown  in  Figure  4.29b  deconvoluted  into 
three  distinct  contributions  as  shown  for  specinen  Rl 
The  conponents  are  centered  at  529.8eV-530.3eV  531  . 


indicative  o: 
detected  at  : 


d sulfate  compounds  [80BRIJ. 
e 2p  lines  shown  in  Figure  4. 


satellite  lin 
Fe(2p(3/2))  1 


a sulfate  [72PR0J  a hydroxide 


t a binding  energy  approxiaateiy  7. OeV  higher  tl 
the  Pe  being  combined  as  eitl 


ctialcopyritc 
»*C  for  1,  2, 

( 2|>{ 3/2 ) ) . and 
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sulfate.  Large  a; 
lit  from  large  charge  transfer  during  the  formation 
tates  of  the  transition  metal  (77MCI.83BRA.75CLI. 
etected  at  tho  surface  using  the  Cu(2p(3/2))  line 


oxide,  hydroxide,  01 
300"c)  generally  res 
of  higher  oxidation 
75ERTJ . Copper  was 

while  specimens  RN  and  BB  are  shifted  higher  (approximately  935eV). 
However  all  of  the  Cu(2p<3/2)  peaks  are  so  broad.  It  Is  obvious  thal 
multiple  chemical  states  are  represented.  In  fact  two  components,  c 
near  933eV  representing  sulfide  and  another  near  935eV  representing 
C“S04  [BORER],  could  be  deconvoluted  from  the  spectra  (see  Table  4.G 
Thus  in  contrast  to  samples  heated  to  200*C,  heating  samples  wi 
the  surface.  It  appears  tha 
conditions.  Besides  the 
ire  present,  similar  to  both. 


inclusions  at  300*c  creates  sulfates 
both  Cu  and  Pe  form  sulfates  under  U 
sulfates,  oxides  and  hydroxides  of  ii 


C reaction. 


Depth  profiling  performed  with  XPS  yielded  chemical  Information 
about  the  film  products  after  reaction  in  laboratory  air  at  300 *C . 
Specimen  RF(300“C,2hrs)  was  sputtered  with  argon  ions  Intermittently 
while  collecting  high  energy  resolution  data  for  Fe,  Cu,  0.  S,  and  C. 
High  energy  resolution  XPS  scans  were  performed  for  each  element  before 
sputtering  and  incrementally  between  sputtering.  A summary  of  the  peaks 
analyzed  using  computer  assisted  deconvolution  procedures  and  the 
corresponding  sputter  times  are  shown  in  Table  4.7.  No  S 2p  peak  was 
observed  between  30  seconds  and  3 minutes  of  sputtering.  After  3 
minutes  of  sputtering,  a S 2p  peak  consistent  with  a sulfide  was 
detected  at  162. 8eV.  Similarly,  after  30  seconds  of  sputtering  the  0 Is 
peaks  from  sulfate  and  hydroxide  were  reduced  to  zero  and  only  the  peak 
due  to  an  oxide  remained.  The  Fe(2p(3/2|)  line  shifted  toward  higher 
binding  energy  by  a sulfate  ligand  was  also  eliminated  by  sputtering. 

The  Cu(2p(3/2) ) line  was  initially  weak  and  remained  so  until  after  3 
minutes  of  sputtering,  at  which  time  it  increased  in  Intensity 
concomittant  with  the  increased  S 2p  intensity. 

To  further  verify  the  presence  of  sulfate  at  the  surface,  angle 
resolved  XPS  was  used.  Spectra  were  collected  at  25°  and  90“  take  off 
angles  for  an  unsputtered  specimen  (RN1.  By  using  the  relative  peak 
intensities  of  the  dcconvoluted  0 is  peaks  for  hydroxide  and  sulfate 


2 (90)  933.2  (85) 


(BO)  933.7  (87) 


while  the  hydroxide  appears  to  be  c« 

data.  The  Cu  and  S peaks  detected  I 
consistent  with  a copper  sulfide. 

X-ray  photoelectron  spectra  for 


a below  indicated 


e sulfate  layer  ai 


Inclusion  free  specimens  were  analysed  with  XPS  for  the  S 2p,  0 is. 

He  2p  as  shown  In  Figure  4.30.  The  Cu(2p(3/2|)  peak  was  weakly 
detected.  A sulfate  peak  was  detected  for  each  spccincn  in  addition  to 
the  presence  of  a sulfide  peak  which  could  be  due  to  either  the  bulk  or 
an  underlying  sulfide  compound  within  the  surface  file  on  chalcopyrite 
(see  Figure  4.30a).  The  0 Is  peaks  suggested  the  presence  of  an  oxide 
( 529. 7-530. 3eV) . a hydroxide  (531 .4eV-531.7eV) . and  a sulfate  (532. 4eV 
-632. 7eV)  in  all  specimens  (see  Figure  4.30b).  The  Pe  2p  line  shown  in 
Figure  4.30c  was  similar  for  all  four  specimens.  Contributions  from 
peaks  at  709. OeV  and  711. OeV  from  Iron  oxide  and  iron  hydroxide,  respec- 
tively, were  found  through  peak  deconvolution.  A low  intensity  third 


n sulfate  species. 


difficult  to  interpret  di 


Specimen  X8|300*C.2hrs) 
obtain  Information  on  the  chemical  state 
of  the  heat  treatment.  Sputtering  was  dc 
energy  resolution  analysis  of  Fe  2p,  0 Is 

:tion  of  sputtering  t 


r deconvolution  and  is  consistent 

> noise  ratios  for  specimens 
specimen  XD(300“C, lhr) . 
within  the  XPS  system  to 

i Intermittently  with  high 
S 2p,  and  Cu  2p  lines  after 
information  obtained  from 


specimen  XI 


XI’S  high  energy  resolution  spectra  for  inclusion-free 
cholcopyrite  for  speclnens  heated  at  300*C;  a)  S 2p. 


Peak  deconvolution  data  for  specimen  XB  (300  •c.2hours)  sputtered  for  3 
■Inutes.  Numbers  In  parenthesis  ore  relative  peak  height  intensities. 


The  S 2p  line  is  shown  in  Figure  4.31  as  a function  of  sputter  tine 
as  coapared  to  the  S 2p  line  of  specimen  XB  in  Figure  4.30  after  heat 
treataent  and  before  sputtering.  An  laaediate  decrease  in  the  sulfate 
peak  after  30  seconds  of  sputtering  was  observed.  A sulfate  peak  was 
not  detected  after  3 minutes  sputtering.  Thus,  the  sulfate  compound  was 

sputtering  rate  is  close  to  that  for  an  iron  oxide  (10-lM/alnute). 
Before  sputtering,  the  0 Is  linos  at  532. 6eV  (consistent  with  a sulfate) 
and  the  hydroxide  (S31.5eV)  are  the  dominant  peaks  but  between  30 
seconds  and  3 minutes  of  sputtering  the  dominant  peak  shifts  to  530.1  eV 
which  is  consistent  with  a metal  oxide.  Deconvolution  of  the  Fe  2p  line 
showed  that  the  dominant  peak  was  at  711. 9eV  after  heating  and  before 
sputtering  (see  Table  4.8).  After  30  seconds  of  sputtering  this  peak 
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shifted  to  711. OeV.  while  after  1 minute  of  sputtering 
709. BeV  and  711. 5eV  are  both  equally  intense.  After  2 
sputtering  a single  dominant  peak  is  observed  at  710. 4e 
were  observed  at  approximately  709. 0-710. OeV  and  711,0 
out  the  first  three  minutes  of  sputtering, 
hydroxide  decreases,  the  Pe  2p  peak  goes  f 
hydroxide  (711. 4eV)  to  an  iron  oxide  (710. 
detected  initially,  suggesting  either  tha 
enough  to  mask  the  detection  of  copper  fro 
underlying  sulfide  and  that  the  surface  fi 
outer  15A-20A  of  the  film.  However,  after 


After  2 and  3 minutes  of 
at  710. 4eV.  Two  peaks 
and  711, 0-712. 5eV  through- 
: the  intensity  of  the 
a sulfate  (714. OeV)  and  a 


sputtering  a 
which  shifted 


Pe(2p(3/2) ) peak  at 
The  Cu(2p(3/2) ) peak 

This  indicates  that  1 

similar  to  samples  w 
after  sputtering  for 


'V  after  3 minutes  of  sputtering. 

data  show  that  a sulfate  exists  at  the  surface  of  lnclusion- 
copyrite,  but  sputtering  for  three  minutes  will  remove  the 
This  was  demonstrated  by  the  sputter  reduction  of  the  S 2p  am 
532. 4eV,  respectively.  Simulataneously  the 
-714eV  associated  with  sulfate  Is  also  reduced. 

* very  weak  for  the  heated  and  unsputtered 
the  surface  of  chalcopyrite  with  Inclusions, 
lout  inclusion,  copper  sulfate  is  not  formed  on 
to  300"c.  However,  the  surface  concentration  ol 
I as  it  was  on  samples  with  inclusions.  Also 
inclusions,  both  the  Cu  and  S signals  ii 
inutes.  indicating  that  copper  sulfide  w 


Angle  resolved  XPS  data  were  again  collected  at  90*  and  25*  take- 
off angles.  Consistent  with  samples  with  inclusions,  the  ratio  of  the 
0 Is  peak  associated  with  sulfate  to  that  with  oxide  was  2.6  for  8-25' 
and  1.5  for  8-90"  (sample  XC  heated  to  300'C  for  4 hours).  The  higher 
ratio  at  the  wore  surface  sensitive  angle  (8-25')  demonstrates  that  the 
sulfate  is  concentrated  at  the  surface,  consistent  with  sputter  profile 


Fractured  specimens  heated  at  300'C  were  analyzed  with  XPS  and 
compared  to  data  obtained  from  polished  specimens  to  determine  if 
equivalent  surface  products  were  formed.  Two  Le  Bure  specimens  were 
fractured  immediately  before  heating  and  analyzed  with  XPS  after  heat 
treatment.  Specimen  LF  contained  no  inclusions  while  MF  contained 
inclusions  of  goethite  and  covellite.  A survey  scan  of  each  specimen 
was  found  to  be  similar  to  those  of  polished  specimens  heated  at  380"C 
for  2 hours.  The  Fe  Auger  transitions  were  weaker  for  fractured 
specimen  LP  while  the  C Is  peak  was  stronger.  However,  for  specimen  MP 
(with  Inclusions),  the  C Is  peak  was  weaker  and  the  Fe  Auger  transitions 
were  strong  and  equivalent  to  those  of  specimens  first  polished,  then 


ind  heated  specimens.  Both  specimens  showed  the 
compound  at  the  surface,  which  is  most  likely 


Auger  electron  spectra. 


^ Auger  point  analysis  on  specific  areas  of 
specimen  RG(300"C,  lhr)  (see  Figure  4.32)  was  employed  to  obtain  a depth 

with  this  spec i non  was  orange-pink  as  compared  to  the  brass-yellow  of 
the  freshly  polished  specimen.  Auger  spectra  of  the  chalcopyrite  region 
showed  that  the  primary  chemical  constituents  detected  on  the  surface 

transitions  were  detected  before  sputtering.  The  low  energy  Fe  MW 
transition  (48.0eV)  initially  showed  the  presence  of  an  Iron  oxide 
because  the  Fe  MW  transition  was  split  into  two  peaks  at  45.0eV  and 
Sl.OeV  (peak  energy  difference  equals  6.0eV).  The  split  in  peaks  and 
the  energy  difference  between  the  two  peaks  Is  consistent  with  an  Fe  0 

Sputtering  resulted  in  a decrease  in  the  peak  energy  difference  to  S.OeV 
which  is  consistent  with  Peg04  [75SE0J  and  sputter  removal  of  FeOOH . 
After  depth  profiling,  only  one  Fe  MW  transition  was  detected.  The 
splitting  of  the  Fe  MW  Auger  transition  upon  oxidation  has  been 
Interpreted  in  terms  of  a cross  transition  between  the  0 2p  states  and 
the  Fe  3p  states  in  Feg04  [75ERT] . That  is,  the  emergence  of  two  new 
peaks  in  the  Auger  spectrum  is  associated  with  rearrangement  of  the 
electronic  structure  of  the  valence  band  due  to  oxide  formation. 

The  depth  profile  Tor  the  chalcopyrite  region  is  shown  in  Figure 
4.32c.  An  outer  oxide  layer  was  observed.  A copper-rich  sulfide  layer 
between  the  oxide  and  the  bulk  chalcopyrite  is  indicated  (approximately 
4 minutes  of  sputtering)  since  the  Cll/Pe  peak  to  peak  ratio  is  greater 
than  unity.  The  copper-rich  region  and  th< 


AES  point  analysis  for  the  chalcopyrite  region  in 
specimen  RG  ( 300 “(' , 1 hr ) ; a)  survey  scan  before 
sputtering.  I>)  survey  scan  after  sputtering,  and 
depth  profile  (17min.). 


surface 


region  in  between 


clearly 


A sputter  depth  profile  (see  Figure  4.33)  was  obtained  for  a 
chalcopyrite  region  colored  blue  within  specimen  BB  which  contained 
copper  sulfide  inclusions  (Cu  gS)  and  was  heated  at  300'C  for  2hrs. 
When  compared  to  the  depth  profile  of  specimen  RG  (Inclusions,  heated 
300aC.lhour, Figure  4.32c)  the  most  striking  difference  is  the  thicker 
iron  oxide  layer  on  the  blue  chalcopyrite  area.  The  copper  sulfide 
regions  were  also  analyzed  with  Auger  (see  Appendix  C).  The  major 
difference  between  the  inclusions  before  and  after  heating  is  indicated 
by  the  bulk  concentration.  The  initial  bulk  atomic  concentrations  of 
inclusions  were  either  CuS  or  Cu^  7flS.  However,  the  final  bulk 

that  for  bornite  ( Cu,.PeS, ) . The  chalcopyrite  region  in  specimen  BB 
(Figure  4.33)  was  found  to  have  a thicker  iron  oxide  outer  layer.  A 
region  below  the  outer  iron  oxide  layer  is  copper-rich.  Thus,  the  blue 
region  is  associated  with  a thicker  iron  oxide  and  a region  below  the 


oxide  that  is  a copper  rich  sulfide. 

An  even  more  dramatic  color  change  was  observed  for 
(325*0,  2hrs)  which  contained  copper  sulfide  (Cu^  8gS)  ve 
were  characterized  with  electron  microprobe  data  from  an 
specimen.  One  area  of  the  specimen  was  colored  blue  whil 
was  colored  purple.  Two  regions  within  each  colored  area 
The  chalcopyrite  region  (Figure  4.34)  for  both  the  purple 

twice  as  thick  for  the  blue  region  as  for  the  purple  regii 


unheated 


chalcopyrite 


AES  sputter  depth  profile  for  the  blue  chalcopyrite 
region  within  specimen  BB  heated  at  300 'C  for  2hrs. 


clearly  determined. 


sudden  Increase  and  decrease 


n the  iron  and  oxygen  peaks  at  th 
o charging  problems  in  both  areas 
ould  be  due  to  a difference  in  th 
he  amount  of  inclusions  present. 

f copper  sulfide  ve 


oxide/sulfide  interface  nay  be  due 
The  difference  in  oxide  thickness 
bulk  composition  of  chalcopyrite  or 

as  than  did  the  purple  area  which 


could  result  in  increased  reactivity  at  the  surface  and  greater 
deviation  from  the  chalcopyrite  stoichiometry  (due  to  the  reactii 
chalcopyrite  with  the  inclusions  and  the  subsequent  formation  of 
inclusions) . 

inclusions  (blue  are 


inclusion-free 


) were  equivalent  to  that 
specimens  a depth  profile  of  specimen  YB  heated  at  300"C  for  2 hours  : 
shown  in  Pigure  4.35.  A thick  outer  iron  oxide  layer  is  shown  that  got 
to  a copper-rich  sulfide  layer  between  24  and  60  minutes  of  sputtering. 
These  data  demonstrate  that  the  reaction  products  formed  at  300 °C  are 
similar  to  those  formed  at  200"C.  An  outer  iron  oxide  layer  is  detecte 
with  an  intermediate  copper-rich  sulfide  layer  for  both  specimens  with 
and  without  inclusions. 

Experimental  optica]  aicroreflectometrv  spectra.  The  300“C  heat 
treated  samples  analyzed  by  XPS  and  AES  were  also  analyzed  with  OMR. 
Another  Le  Bure  specimen,  2A.  was  heated  at  325*C  for  2 hours.  A 


representative  optical  micrograph  (200X  magnification)  is  shown  in 
Pigure  4.36  for  these  specimens:  the  actual  photomicrograph  is  of 
specimen  RN(300‘C.4hrs) . The  reflectance  curves  for  CuPoS2  regions 
analyzed  within  specimens  R0(300'C, lhr) . RK(300°C,2lirs) , RP(300‘C.2hrs) , 
BB(300"C.2hrs)  and  RN(300”C,4hrs)  are  summarized  in  Table  4.9. 


AES  depth  profile  for  Le  Buro  specimen  YB  (without 
inclusions)  heated  at  300 ‘C  for  2hrs. 


Optical  photomicrograph  (200X)  representative  of  a bulk 
cholcopyrlte  (C)  specimen  with  covelllte  (V)  and  goethite 
(P)  inclusions;  a)  freshly  polished  specimen  RN  and  b) 
specimen  RN  after  heating  at  300  *C  for  4 hours. 


Reflectance  parameters  for  the  wavelength  and  percent  reflectance  o 
maximum  and  minimum  reflectance  peaks  are  labelled  to  correspond  wi' 
the  corresponding  reflectance  curve  for  each  specimen.  The  points  cl 
for  initial  analysis  showed  that  the  tan-yellow  areas  of  the  sample 
changed  little  from  the  rreshly  polished  brass  yellow  CuPeS  . The 

reported  at  23’C  and  200"C. 


equivalent  t 


r chalcopyrite  a: 


Specimen  Origin 


By  analysing  other  regions  of  the  specimens,  more  dramatic  color 
changes  were  measured  with  the  OMR  (see  Table  4.10).  The  reflectance 
curve  of  specimen  BB  in  Figure  4.37  showed  one  maximum  and  one  minimum 
peak.  The  reflectance  curve  for  a chalcopyrite  area  colored  blue  In 
specimen  RF  (Le  Bure)  is  similar  to  that  for  a blue  colored  area  within 
specimen  BB  (Butte)  shown  In  Pigure  4.37a,  The  blue  colored  areas  on 
chalcopyrite  specimens  from  different  nines  were  equivalent. 

A broad  peak  in  the  low  wavelength  region  (440nn)  was  observed  in 
specimen  BB  with  a shift  in  to  SSOnm:  thin  Is  the  largest  shift  in 
‘min  ob»erve«l  in  the  reflectance  curves  for  chalcopyrite  (see  Figure 
4.37  and  Table  4.10).  These  reflectance  curves  were  characteristic  of 
chalcopyrite  areas  adjacent  to  or  within  100pm  of  a covellite  or 
chalcocite  inclusion.  Thus,  the  presence  of  copper  sulfide  inclusions 


specimens  heated 


reactivity  of  the  chalcopyrite  areas  adjacent  to  the  Inclusions. 


Wavelength  and  reflectance  max leu  and  minima  for 
areas  on  specimens  heated  at  300*C. 


chalcopyrite 


purple 


Reflectance  curves 
RN  (containing  CuS 


two  chalcopyrite  areas  in  specimen 
PeOOH)  inclusions  heated  at  300°C 


specimen.  Specimens 


analysed; 


reflectance 


parameters. 


for  features  in  their  reflectance  curves 


Reflectance  parameters,  L 
specimens  heated  at  300‘C 


Specimen  Time 


and  R,  for  inclusion-free  chalcopyrite 
for  various  times. 


The  reflectance  curves  for  specimens  XA.  XB, 
in  Figure  4.39  and  can  be  compared  with  the  curves 
of  Table  4.9.  A drop  in  intensity  (R„jn .R>ax)  was  observed  at  420 
the  peak  at  670nm  as  compared  to  a freshly  polished  chalcopyrite 
specimen  as  shown  in  Pigure  4.4.  Heating  specimens  for  2 and  4 hoi 
300'C  showed  reflectance  curves  with  more  dramatic  reflectance  pi 
changes  with  respect  to  the  reflectance  parameters  of  a freshly  polished 
chalcopyrite.  The  same  trend  in  the  shift  of  to  longer  wavelengths 
was  observed  for  inclusion-free  specimens  at  200‘c  and  300 "C  Other 
areas  within  the  bulk  specimen  were  analysed.  The  reflectance  curves 
for  lBin  between  480nm  and  495nm  are  shown  in  Figure  4.40.  These  curves 
are  similar  to  those  with  equivalent  values;  for  example  see  Figure 
4.18  for  reaction  at  23"C.  Heat  treatments  at  300’c  resulted  In 

shifts  in  up  to  520nm.  Greater  shifts  in  were  observed  at 


resulting 


39  Reflectance  curves  from  an  inclusion-free  Le  Bure 
specimens  heated  at  300*C i XB  <2hrs, curve  a),  XA 
(2hrs, curve  d),  XC  (2hrs. curve  c),  and  XC  (4hrs. curve  b) . 


Calculated  optical  mlcroreflectometrv  curves.  Experimental 
reflectance  curves  for  specimens  heated  at  300 "c  were  compared  to 
calculated  reflectance  curves.  The  layer  structure  used  was  equivalent 
to  those  used  for  reflectance  curves  obtained  from  reaction  at  23'C  and 


sulfide  in  contact  with  the  chalcopyrite  was  always  modelled  as  Cu  FeS  . 
As  the  LBln  shifted  to  higher  wavelengths  and  R>in  decreased,  the  outer 
iron  oxide  thickness  increased.  Similarly  it  was  found  that  the  best 


fits  occurred  when  all  of  the  layers  had  thicknesses  that  were  dictated 
by  balanced  chemical  equations  as  discussed  in  Chapeter  5.  The 
comparison  between  calculated  and  experimental  reflectance  curves  for 
^min"4*5”"  ls  e<lui'’al0nt  to  that  shown  in  Figure  4.27.  For  L>ln-495nm 
the  calculated  (designated  as  unconnected  x's)  and  experimental  curves 
(designated  as  connected  boxes)  are  shown  in  Figure  4.41.  The 


reflectance  and  calculated  curve  for  t|>in=495nm  are  consistent  with  OMR 
data  obtained  from  heat  treatments  at  23*C  and  200"C.  The  outer  iron 


be  17nm  thick  as  demonstrated  in  the  calculated  curve  designated  with 
unconnected  x's  in  Figure  4.42.  Likewise  as  continued  to  shift  to 
longer  wavelengths  the  thickness  of  the  outer  Iron  oxide  was  also 


increased  and  in  fact  increased  linearly.  The  data  for  the  large  shift 
*"  'min  t0  580n*  ls  shown  in  Figure  4.43  and  the  data  for  Lmln"650"*  and 
I*min'l695n*  are  shown  in  Figure  4.44  and  Figure  4.45  respectively.  The 
iron  oxide.  Pe^.  thickness  increases  from  17nm  to  20nm,  27nm,  and 
33nn.  as  the  reaction  product  layers  thicken.  In  addition,  the  maxima 


Calculated  (curve  c)  versus  experimental  reflectance 


Calculated  versus  experlnental  reflectance  curves  Tor 
spccinen  XC  (curve  a).  RN  (curve  b),  and  BB  (curve  c) 


r simm: (■i'ti  BB  heat  treated 


Figure  4.45  Calculated  (curve  c)  versus  experiaental  (curves  a and  bi 
reflectance  curves  for  specimen  BB  heat  treated  at  300°C; 
Lmin-685nm.  Schematic  of  film  layer  beloM  reflectance 


observed 


replicated 


calculated 


Summary  Of  Plli  Structure  Of  Reaction  Products  On  Chalcoovrite 


results  In  a Cu^eS^  layer  In  contact  with  the  CuPeS  substrate  and 
outer  PCjO^j  layer  with  either  CuS  or  Cu„S  In  between  the  outer  Iron 


the  bornite.  This  reaction 
f inclusions  1 
ction  products  forned 


affected  by  the 
:heir  quantity, 
chalcopyrite  between  23"C 


Although  the  sulfate  products  foraed  a 
1 a minor  constituent  at  the  surface. 


A summary  of  the  reaction  products  formed 
chalcopyrite  heated  between  23'C  and  300"C 


specimens  of 


Introduction 

The  system  investigated  in  this  study  consisted  of  natural 
specimens  of  chalcopyrite  from  either  the  Le  Bure  or  Butte  mines.  In 
general  the  specimens  contained  inclusions  of  copper  sulfides  alone  or 
in  conjunction  with  goethite.  It  was  of  interest  to  determine  those 
reactions  that  were  intrinsic  to  bulk  chalcopyrite.  Both  polished 
specimens  and  specimens  fractured  in  air  were  reacted  in  laboratory  air 
at  25*C.  200“C,  and  300 ’C  to  determine  the  effects  of  the  polishing 
procedure  upon  surface  reactions. 

Calculation  Of  Reflectanoe  From  Reacted  Chalcopyrite 
Based  on  the  surface  products  reported  from  the  literature  in  both 
aqueous  and  nonaqueous  environments  a number  of  film  geometries  were 
postulated  as  an  initial  attempt  to  calculate  reflectance  curves.  As  a 
first  attempt,  the  Intermediate  region  was  chosen  to  be  Cu  FeS 

(magnetite).  Pe203  (hematite),  and  PeOOH  (goethite).  Chemical  equations 
were  written  for  chalcopyrite  reacting  with  oxygen  and  in  some  cases 
water  to  form  bornite  and  either  magnetite,  hematite,  or  goethite  as  the 
outer  oxide.  Sulfur  dioxide  was  released  as  a gas.  Roasting  data 
[79SOH.59FRU]  have  shown  that  S02  Is  given  off  at  temperatures  of  500*C 
and  above.  Resistivity  data  from  chalcopyrite  (S9FRU)  has  shown  that 


le  bulk  composition  in  sulfur.  Sulf 
ie  released  as  a reaction  product  b 


The  chemical  equations  are  first  balanced  according  to  the  number 
of  moles  on  each  side  of  the  equation.  Poliowing  this  the  density 
(P  gm/cm  ) and  molecular  weight  (MW)  of  each  compound  are  used  to 
calculate  a thickness  (D)  of  the  compound  formed  assuming  a unit  area  of 
reaction.  In  addition,  the  amount  of  chalcopyrite  that  is  consumed  can 
also  be  calculated  and  checked  to  be  sure  that  this  is  consistent  with 
the  specimen.  It  was  found  that  the  amount  of  chalcopyrite  consumed  was 
a small  fraction  of  a percent  of  the  thickness  of  the  sample  (e.g.  lOOnm 
consumed  from  a 4mm  thick  specimen  corresponds  to  a thickness  change  of 
only  0.0025*) , An  example  of  the  calculation  t> 
to  form  bornite  plus  goethite  is  shown  in  Table 
used  for  each  balanced  chemical  equation  in  orde 
overall  thickness  of  the  surface  layer  formed  an 
thickness  of  each  individual  product  layer. 

The  film  thickness  for  goethite  (D  ) was  va 
for  the  outer  layer  which  in  the  above  example  w 
thicknesses  of  the  intermediate  bornite  layer  (D.)  and  the  amount  or 
thickness  of  chalcopyrite  (D  ) consumed  is  automatically  set  by  the 
value  of  Dg  according  to  the  ratios  shown  In  Table  5.1.  The  reflectance 
versus  wavelength  was  then  calculated  based  upon  this  two  layer  model. 
This  calculation  was  repeated  for  each  of  the 
intermediate  bornite  layer.  The  results  of  t 

summarized  in  Table  5.2.  A schematic  diagram  of  the  film  geometry  i 
given  for  each  chemical  equation.  These  chemical  equations  which 


or  chalcopyrite  reacting 
5.1.  This  procedure  was 
;r  to  calculate  the 
id  the  equivalent 


is  goethite.  The 


and  sulfates  on  the 
sulfates  are  non- 

slmply  cause  an  overall 
>,  the  lack  of  agreement 


In  addition  to  copper  sulfides  Al 
presence  of  organic  and  hydrocarbon  c 
surface.  The  carbon  containing  o 
absorbing  solids  which  will  not  chang 
curves.  Rather,  non-absorbing  solids 
decrease  In  the  reflected  Intensity, 
between  experimental  and  calculated  reflectance  curve  shapes  when 
bornite  and  oxide  layer,  were  assumed  to  be  present  cannot  result  from 
Ignoring  surface  contamination  or  the  suirate  reaction  products. 
Instead,  the  assumed  structure  of  absorbing  reaction  products  must  be 
modified  further. 

Several  other  arrangements  of  reaction  products  were  Investigated 
to  attempt  to  Improve  the  agreement  between  experimental  and  calcualted 
reflectance  data.  In  a second  geometry,  reflectance  was  calculated 
assuming  two  Iron  oxide  films  are  on  top  of  an  Intermediate  bornite 
compound.  Film  thickness  ratios  were  calculated  using  the  balanced 


calculated  reflectance  curves  with  shapes  tl 
the  previous  set  of  chemical  equations.  Tin 
CuFeSg  / CUj.FeS^  / Fe^O^  / Fe203  structure. 


calculations  can  be  sec 
top  of  an  intermediate 


the  calculated  shapes 


[,nin  due  to  the  thickening  of  t 
S of  a copper  sulfide  compound 


model.  Thus,  further  refinement  was 


necessary  since  the  main  deviation  Is  In 
which  shows  much  higher  reflectance  than 


experimental  data. 


Another  combination  of  reaction  products  studied  consisted  of  an 
intermediate  layer  that  was  either  CuS  or  Cu  S with  an  outer  iron  oxide 
layer.  Another  possibility  was  to  have  one  copper  sulfide  with  two 
outer  iron  oxide  layers.  Similar  calculations  were  done  using  balanced 
equations  as  discussed  above.  In  general,  these  curves  deviated  much 
more  in  both  the  high  and  low  wavelength  regions  than  either  of  the 
previous  models.  Moreover,  the  ratio  of  thicknesses  suggested  that  a 
region  between  the  outer  oxide  and  the  bulk  chalcopyrite  should  have 
been  free  of  iron.  This  was  not  observed  in  the  sputter  profiles. 
Consequently  this  series  of  reaction  products  were  eliminated  as  being 
Inconsistent  with  experimental  data. 

The  reaction  product  arrangement  that  best  fit  the  experimental 


e calculated  reflectance  ci 


curves  In  Chapter  4 (see  Figure 
Pe2°3  and  Pe00H  were  studied,  tl 
experimental  reflectance  curves  were  found  by  usli 
oxide  outer  layer.  The  layer  between  bornlte  and 
being  cither  CuS  or  Cu2S  resulted  In  equally  good 
This  Is  due  to  the  ratio  of  thickness  of  the  iron 


fro*  the  two  chealcal  equations 
:he  experiaental  reflectance 
Although  outer  oxide  layers  of 
fits  of  calculated  and 


sulfide  which  for  C 


r intermediate  layer  1 


■ majority  o. 


CuS  as  the  outer  intermediate  layer  is  7.95.  Howevc 
the  curves  were  fit  with  a Cu2s  layer.  Therefore,  the  Cu  S layer  is 
very  thin  and  will  have  a smaller  Influence  on  the  reflectance  curve. 
Nonetheless,  the  presence  of  CuxS  was  necessary  both  from  optical 
reflectance  data  and  from  AES  and  XPS  data. 

When  the  reaction  temperature  was  increased  from  23*c  to  300"C. 
there  was  a sequential  shift  of  to  higher  wavelengths  and  an 
increase  In  the  percent  reflectance  in  the  region  420nm-480nm.  These 
observations  and  the  modelling  work  above,  suggest  that  the  reaction 
products  are  equivalent  as  the  temperature  is  changed  but  the  extent  o: 
reaction  is  different.  However,  the  variations  In  color  and  in 
reflectance  curves  across  the  surface  show  that  the  reaction  was  not 
uniform.  By  maintaining  the  same  reaction  products  (CUgPeS^,  CuS  or 
Cu2S,  Pe^J  and  only  changing  thicknesses,  the  reflectance  model 
yielded  reflectance  curves  which  showed  a sequential  shift  of  to 
longer  wavelengths  and  a shape  consistent  with  the  experimental  curves. 


eventual  formation  of 


Calculated  versus  experimental  reflectance  curves  for 
specimen  RB;  a)  borni te/cbalcoei te/magnet i te  (curve  b), 
bornite/  magnetite  (curve  a)  versus  experimental  (curve 
c)  and  b)  borni te/magnet J to/hemati te  (curve  d)  versus 
experimental  data  (curve  c). 


specimens  heated  at  200‘C  and  300‘C,  could  only  be  aodelled  when  the 
copper  sulfide  was  present  between  the  bornlte  and  magnetite  layers. 

Sensitivity  Of  Calculated  Reflectance  Curves  To  Reaction  Products 
The  sensitivity  of  OMR  to  the  copper  sulfide  and  Iron  oxide  layers 
Is  demonstrated  In  Figure  S.la  where  calculated  reflectance  data  with 
and  without  a Cu2S  layer  are  compared  to  experimental  data  from  sample 


690nm,  Is  shifted 
curve  calculated  w 


observed  and  t^,  originally  at 
i Figure  5.1a).  Obviously,  the 
'rve  b),  fits  the  experimental  data 


e^O^  layer  Is  replaced  w. 


with  a large  deviation  in  the  low  wavelength  region  for  the  broad  peak 
at  440nm  (see  Figure  5.1b,  curve  d) . Obviously,  the  agreement  between 
experimental  and  calculated  data  is  poor  using  these  reaction  products. 
In  summary,  both  the  intermediate  copper  sulfide  layer  and  the  outer 

layer  on  top  of  the  bornlte  layer  are  necessary  to  match  both  the 
experimental  reflectance  curves  and  the  AES  and  XPS  data. 

Reflectance  Curve  Shape  Versus  Iron  Oxide  Thickness 
The  origin  of  the  shape  and  magnitude  of  the  reflectance  curves  can 
be  evaluated  by  examining  the  penetration  depth  of  light  in  the  various 
reaction  products.  The  penetration  depth,  6(nm),  la  equal  to  t/4xx 
where  1.  is  the  wavelength  of  the  incident  light  and  x is  the  extinction 
(or  attenuation)  coefficient.  Calculated  penetration  depths  are  shown 
in  Appendix  A for  each  compound,  since  the  penetration  depth  for  Fe^ 
at  440nm  is  41.3nm,  optical  information  comes  from  the  outer  iron  oxide 
layer  as  well  as  from  the  underlying  sulfide  layers  (whose  penetration 


depths.  6,  are  generally  larger  than  the  Iron  oxide).  This  Is  the 
reason  that  reaoval  of  the  copper  sulfide  affected  the  broad  peak  at 

even  more  optical  Information  Is  detected  froa  the  underlying  sulfide 

,n  Lain  ls  due  to  both  chanBes  ln  thickness  and  changes  In  the 
reflectivity  of  the  products  contributing  to  the  total  reflectance. 

It  Is  of  interest  though  to  atteapt  to  relate  L>Jn  to  the  thickness 
of  the  reaction  layer.  By  coaparing  the  shapes  and  percent  reflectance 
of  calculated  and  experlaental  curves,  It  was  possible  to  extrapolate 
back  to  a fila  layer  thickness  and  relate  the  t,  value  to  an  average 


thicknesses  of  the  other  two  layers.  A plot  of  L . versus  the  average 
thickness  of  the  outer  Iron  oxide  as  shown  In  Figure  5.2,  where  data  are 


shown  for  an  Fe304  outer  layer  and  either  Cu?S  or  CuS  layer  between  the 
oxide  and  bornite.  Obviously,  the  shift  in  LBin  and  thicknesses  of  the 
outer  iron  oxide  layer  are  correlated.  The  observed  slight  curvature 
results  froa  contributions  froa  the  other  reaction  products  (Cu_S,  CuS. 


and  CUgPeS^)  to  the  shift  in  as  they  thicken.  Even 
layer  can  be  iaportant  as  shown  by  data  ln  Figure  5.1a  wh 
the  CUgS  layer  caused  to  shift  to  a lower  wavelength 
the  oxide  layer  thickness  renalned  constant. 

Another  factor  which  could  affect  the  relationship  bi 


thickness  i 


e Interaction  bf 


result  in  an  intervalence  transfer  absorption  179MAR] . For  aost 
1 ions  In  complexes  with  oxygen,  charge  transfer  oi 
e ultrviolet  (UV)  portion  bf  the  spectrua  except  for  the  Fc' 


CuFeS2  /Cu5FeS4/  CuS,  Cu2S  /Fe304 


Figure  5.2  Calculated  Iron  oxide  til*  thickness  versus  I.  for  a 
covelllte  (boxes)  or  chalcoclte  (plus  signs) 
layer  between  bornite  and  nagnetite  over  bulk 
chalcopyrite. 


o longer  wavelengths  ai 


Increases.  The  effect  of  the  fl 
extinction  coefficient,  x.  arc  01 
transfer  band. 

However,  one  can  use  Figure 
thickness  of  the  outer  iron  oxide 
two  Cu  S compounds 

used  to  calculate  the  thickness  o 
chalcopyrlte  using  the  relatlonsh 
The  iron  oxide  layers  formed 
relatively  thick  and  more  uniform 
sulfide.  To  establish  that  the  tl 
reflectance  model  were  reasonable 
was  determined  from  optical  thickn 
determined  from  pure  iron  oxide, 
sputter  remove  the  oxide  from  a sa 


the  Pe  concentration 
, and  theattenuation  or 


>r  a particular  value  of  . s 
average  of  the  two  calibration 
led  iron  oxide  thickness  can  then 
he  bornlte,  Cu  S,  and  consumed 


approximate  sputtering  n 


and  the  sputter  time  was 
per  minute.  Similarly,  f 


covered  the  underlying  copper 
cknesses  obtained  from  the 
see  Figure  5.2).  a sputtering  rate 

time  required  to 
m (see  Figure  - 
e Figure  4.28a).  From  Figure  5.2  for 
e thickness  is  approximately  12nm.  yielding  an 
te  of  about  12A  per  minute.  For  a specimen 
r oxide  was  calculated  to  be  approximately  16nm 
10  minutes  which  gives  a sputter  rate  of  16A 
□r  samples  with  L>jn.600nm  and  650nm,  sputter 
i.  These  data  average  to  on  Iron  oxide  sputter 
Phis  compares  favorably  to  the  sputtering  rate 


determined  by  using  a profiloneter  to  aoasure  the  step  height  between 
the  sputtered  and  unsputtered  area  and  then  dividing  by  the  tine 
necessary  to  sputter  renove  the  oxygen  from  the  surface. 


chalcopyrite.  oxygen,  and  water, 
ferrites.  The  next  group  of  react 

Cu|S(Vz  and  Pe|s(V1!  Mhlch  arc  fo 

on  naturally  weathered  speclnons. 
are  also  possible,  for  example  CuF 
released  as  a solid  (78YAKJ.  as  a 
Is  available,  as  sulfuric  acid  whl 
and  help  form  H S (78YAK)  and  suit. 


lFex°y*  which  ore  generally  called 
in  products  are  the  sulfates, 
id  in  electrochemical  reactions  and 
number  of  copper  and  iron  sulfides 


e products . Tl 


been  postulated  to  be  a reaction  product  in  the 
[81KAR] . Moreover,  It  has  been  shown  that  SO 

The  data  concerning  the  reaction  products 
as  well  as  OMR  were  presented  earlier.  These  d 


id,  if  enough  water 
:h  the  chalcopyrite 
release  of  SO-  has 

intermediate 
K [78ZINJ. 


Identify  the  products  a 
could  be  calculated.  Hi 
possible  o 


their  configuration  so  reflectance  cu 
ver  it  is  also  important  to  discuss  t: 
r reaction  products.  The  formation  o 


a reaction  product  on  chalcopyrite  requires  temperatures  in 
I0*C  C79SOH]  and  ferrites  are  generally  avoided  in  mineral 
r possible  due  to  their  insolubility  in  water.  If  copper  1 
an  insoluble  oxide  It  cannot  be  easily  separated,  but  as  a 


Wustite,  PeO,  and  cupric  o 
temperatures  above  those  u 
Sulfates  are  more 


reaction  products  In  a washing 
CuO,  are  two  other  products  tha 
in  this  study  and  therefore  wer 
easily  formed  in  solution  or  at  temperatures  above  those  usei 
study,  indicating  that  sulfates  should  not  be  major  products 
with  experimental  data. 

The  sulfide  group  is  b 
understood  of  the  classes  o 


' most  complex  an 
m products.  The 
Iron  sulfides  a. 


2.1.  The  Iron  suirides  are  most  often  found  . 
inclusions  within  chalcopyrlte,  if  present  at 
not  seen  in  chalcopyrlte 


formation  of  PeS  is  not  sei 
growth  [66VUN,84BUC1).  Thus 
nature  (bornite,  chalcocite, 
reaction  products  in  this  study. 

Experimental  data  from  this  study  established 


slow  nucleation 
ly  the  more  common  sulfides  found  In 
covellite  I 80 AND))  were  considered  as 


analyzed  for  Cu.,0,  since  this  oxide  does  not  create  a satellite  peak  f 
the  Cu  2p  line.  In  fact,  the  Cu  2p  spectrum  from  Cu20  is  equivalent  t. 
that  for  Cu2S  [74LAR.78NAK] . To  analyze  for  the  presence  of  Cu  0 uslni 
OMR,  experimental  reflectance  data  were  compared  with  calculated 
reflectance  data  where  the  presence  of  cuprite  as  a reaction  product  ws 
assumed.  As  can  be  seen  from  Pigure  5.3,  the  experimental  data 


isumed  to  be  present.  The  calculated  data  ai 
'in  layer  of  chalcocite  Is  used  to  replace  tl 
e necessary  shifts  in  both  the  Cu  2p  line  ai 


uprite.  Additionally. 


Figure  5.3  Calculated  versus  experimental  (curve  a)  reflectance  data 
froa  specimen  BB  with  calculated  curve  for  bornite/- 
cupr 1 te/heaat 1 te  (curve  b)  and  for  bornlte/chalcoclte/- 
magnetite  (curve  c)  film  layers. 


(75MCI.81MCI) 


observed 


Cu(OH) 


much  more  difficult  to  clearly 
, (maEnetite).  Pe  0 (hematite),  i 


PeOOH  (goethite).  These  compounds 
However,  AES  data  show  that  P 


as  natural  minerals, 
reaction  products  except 
that  water  from  the  air  caused  a surface  hydroxide  product  (presumably 
PeOOH)  on  all  samples,  especially  those  reacted  at  23°C. 

It  Is  not  possible  to  distinguish  between  covcllite  and  chalcoclte 
besod  upon  either  AES  or  XPS  data.  Although  OMR  data  could  not  be  used 
to  conclusively  determine  which  copper  sulfide  is  present,  the 
reflectance  modelling  results  suggest  chalcoclte,  Cu  S,  is  the  product 
formed  most  often.  Moreover,  the  free  energy  of  formation  Is  8kcal/mole 
more  negative  for  Cu  s than  for  CuS. 

Previous  work  (81REM2)  on  polished  specimens  of  chalcopyrite  at 
room  temperature  has  suggested  that  an  intermediate  copper-rich  sulfide 
formed  between  the  outer  oxide  and  substrate  as  a result  of  polishing  at 
room  temperature.  Both  the  copper-rich  sulfide  and  the  outer  Iron  oxide 
f sulfides  and  oxides.  A model  similar 


then  compared  w 


ie  was  used  to  calculate  reflectance  d, 
h experimental  reflectance  curves.  Tl 


that  if  the  film  is  lonm  or  less,  a single  heterogeneous  layer 
consisting  of  a mixture  of  two  compounds  will  yield  the  same  reflectance 
curves  as  if  the  compounds  were  two  separate  but  parallel  humugencous 


layers.  While  optically  thin  heterogeneous  and  homogeneous  layers 
behave  similarly,  the  seme  Is  not  true  for  AES  and  XPS  analysis.  For 

compounds  by  AES  and  XPS.  However,  a homogeneous  5nm  layer  of  the  first 
compound  over  another  homogeneous  5nm  layer  of  the  second  compound 
would,  in  most  instances,  cause  only  the  first  compound  to  be  detected 
by  AES  or  XPS.  This  true  because  electrons  from  the  second  compound 
would  be  lneleastically  scattered  by  the  first  layer  and  as  a result,  no 
AES  or  XPS  signal  would  be  recorded. 

Data  from  AES  and  XPS  indicated  that  the  region  intermediate 
between  the  oxide  and  bulk  chalcopyrite  contained  more  Cu  and  S with 
less  Fe  (and  in  some  instances  0)  which  could  be  modelled  optically  as  a 
copper-rich  sulfide.  However,  the  spatial  distribution  of  the  layers 
could  not  be  clearly  discerned  from  the  sputter  profile  data.  This 
could  be  due  to  a microroughness  effect  in  the  film  layer  which  is 
detected  on  a small  scale  with  AES.  Hicroroughness  could  explain  the 
inconsistency  in  detecting  the  copper-rich  sulfide  layers  under  the  iron 
oxides.  Because  of  these  qualitative  pieces  of  evidence  showing  that 
the  reaction  product  thickness  varied,  it  is  important  to  consider  the 
effects  of  any  variable  thickness  on  optical  reflectance  data. 

A nonuniform  film  thickness  (microroughness)  over  the  20pm  area 
analysed  with  OMR  is  averaged  in  the  summation  of  the  reflected 
intensity  from  the  surface.  Assuming  two  regions  with  thicknesses  that 

area,  it  is  possible  to  calculated  the  effect  using  the  reflectance 

films  with  outer  magnetite  thicknesses  of  10  * Snm  with  underlying 


480nm  to  470na.  This  suggests  that  the  position  of  L . 
greatly  affected  hy  roughness  (that  Is.  a variation  of  film 
ckness) . However,  the  overall  percent  reflectance  In  the  region  of 
Is  different  by  as  such  as  6*.  Thus,  the  effect  of  nonun 1 fora  filn 
ckness  across  the  20pa  area  tends  to  be  averaged  out  due  to  the 
reflocted  waves  at  the  photodetector. 

The  effect  of  nlcroroughness  on  the  shape  of  the  reflectance  curve 
Is  secondary  to  that  of  varying  conpounds.  This  conclusion  Is  Important 
because  not  only  did  sputter  profiles  Indicate  a nlcroroughness  of  the 
oxide/sulflde  interface,  but  the  color  was  observed  to  vary  across  the 
surface  of  heated  samples  (and  even  after  long  tines  at  23"C) . Thus. 

the  area  sanplcd  by  the  OMR.  at  1 

>y  selecting  unifornly  colored  areas) 
over  lateral  dincnslons  approaching 
avoided  using  the  color  as  a neasur 


alnost  certainly  varied  over 
lone  instances  (this  effect  was 
reas).  However,  thickness 
wavelength  of  light 


unifornity. 


Calculated  reflectance  curves  for  bornite/chalcoclte/- 
magnetlte  layers  over  bulk  chalcopyrlte;  a)  5nm 
magnetite,  b)  15m  magnetite,  o)  lOnm  magnetite,  and  d) 
sum  of  reflectance  curves  from  a)  and  b!  divided  by  two. 


Fractured  Versus  Polished  Specimens 
The  XPS  data  showed  that  freshly  fractured  specimens  had  sulfates 
oe  their  sufaces  in  contrast  to  freshly  polished  speclnens.  This 
difference  was  observed  for  speclnens  that  Mere  unheated  since  sulfates 
were  present  on  both  types  of  surfaces  after  heating.  The  difference 
for  unheated  samples  is  nost  likely  due  to  the  fact  that  the  crack 
leading  to  fracture  followed  a previously  existing  interface  or  crack. 
Thus,  reactions  leading  to  sulfates  nay  have  occurred  over  geologic  tine 
with  geologic  conditions.  Geologic  reactions  on  fractured  surfaces 
could  be  detected  with  the  eye  as  tarnished  areas  that  were  distinct 
fron  freshly  fractured  areas  which  were  bright  gold  in  color  and  slnllar 
to  freshly  polished  chalcopyrlte . 

Data  fron  AES  point  analysis  for  freshly  fractured  speclnens  were 
found  to  be  equivalent  to  those  of  polished  speclnens.  In  fact,  on  a 
single  specimen  with  both  surface  preparation  procedures,  the  AES 
surveys  are  equivalent.  The  reflectance  curves  measured  from  both 
fractured  and  polished  specimens  were  found  to  be  equivalent  in  shape 
and  overall  percent  reflectance  for  areas  that  showed  equivalent 
tarnishing.  The  shift  in  observed  as  a function  of  temperature  for 
polished  specimens  was  equivalent  to  fractured  speclnens  heated  at  200’C 

In  conclusion,  the  reaction  products  formed  on  a fractured  surface 
are  equivalent  to  those  of  a polished  surface  as  long  as  the  fracture 
truly  created  a new  surface.  Moreover,  the  polishing  procedure  used  in 
this  study  did  not  cause  any  modifications  of  the  reaction  products. 


If  Inclusions  Present  I 


Ik  Chalcopvrlte  Specimens 


The  major  inclusions  present  in  the  Lc  Bure  and  Butte  specimens 
were  goethite,  covellite  and/or  chalcocite.  The  presence  of  goethlte  in 
the  Le  Bure  specimens  had  no  effect  upon  the  general  reaction  of 
chalcopyrlte.  However,  there  is  an  effect  of  the  covellite  vein  which 
is  between  the  goethite  and  the  chalcopyrlte.  In  general,  reflectance 
curves  could  not  be  obtained  fron  the  copper  sulfide  Inclusions  in  the 
te  Bure  specimens  due  to  the  small  width  (loss  than  20pm).  For  the 
occassional  large  section  of  a vein  the  effec  of  CuS  is  seen  as  a shift 
ln  Lnin  ,0  longer  wavelengths  as  the  point  of  analysis  is  moved  closer 
to  the  Interface  between  chalcopyrlte  and  covellite. 

Moreover,  the  covellite  region  goes  through  a phase  transformation 
and  becomes  bornltc  which  has  reaction  products  that  are  qualitatively 
similar  to  those  formed  on  the  chalcopyrite.  The  phase  transformation 


i and  the  reflectance  c 

ir  chalcocite  veins  ln 
it  at  the  interface  bet 


io  interface 


to  bornlte  was  determined  from  E 

phase  transformation  is  very  drai 
specimens,  where  it  destroys  the  contras 
chalcopyrite  and  the  chalcocite  after  he 
(see  Figure  4.36).  Instead,  a swelled  a 
was  previously  observed.  The  chalcopyrite  region  in  contact  with  this 
swelled  area  has  reflectance  curves  that  had  much  more  dramatic  shifts 
in  Lmin  tD  hlKher  wavelengths  as  compared  to  a region  more  than  a 100pm 
away  from  the  chalcocite/chalcopyrite  interface. 

In  order  for  the  chalcocite  or  covellite  to  transform  into  bornite. 
iron  must  diffuse  fron  the  chalcopyrite  into  the  copper  sulfide  vein, 
depleting  the  iron  in  the  chalcopyrite  i 


copper  sulfide  veins.  This  depletion  of  iron  f ron  the  chalcopyrlte 
could  alter  the  reaction  since  [77EADJ  reported  n-type  chalcopyrlte 
reacts  aore  quickly.  It  is  known  that  natural  speclaens  of  bornlte 
tarnish  much  aore  quickly  to  variogated  colors  than  do  speoiaens  of 
chalcopyrlte  [84BUC1].  Consequently,  the  loss  of  iron  and  the  formation 
of  a bornlte  region  in  contact  with  chalcopyrlte  could  accelerate  the 
reaction.  At  23"c,  the  reaction  products  detected  with  AES  on  the 
covellite  or  chalcoclte  regions  for  both  the  Lc  Bure  and  Butte  speclaens 

reaction  of  chalcopyrlte  since  iron  was  not  detected  with  EPMA  in  the 


copper  sulfide  inclusions. 


Surface  sensitive  analytical  techniques  have  been  utilized  to  help 
quantify  optical  reflectance  data  fro*  natural  speciaens  of  chalcopyrlte 
reacted  in  laboratory  air  between  23'C  and  300*C.  Auger  eleotron 
spectroscopy  depth  profiling  gave  information  concerning  the  spatial 
distribution  of  the  fil*  layers  while  X-ray  photoelectron  spectroscopy 
gave  information  about  the  surface  conpounds.  Due  to  the  complex  layer 
structure  and  the  similarity  of  many  of  the  sulfide  conpounds,  It  was 
not  possible  to  uniquely  distinguish  the  layer  compounds  with  electron 
spectroscopy,  since  optical  properties  are  unique  to  a compound, 
percent  reflectance  as  a function  of  the  wavelength  of  light  is 
routinely  used  to  Identify  phases  In  bulk  minerals.  The  use  of 
reflectance  data  to  model  film  layers  on  a surface  is  helpful  in 
analyzing  the  products  formed  at  the  surface. 

Optical  nicroreflectometry  was  utilized  to  measure  reflectance  data 
from  small  areas  (20pn  In  diameter)  which  could  be  monitored  before  and 
after  reaction  as  a function  of  time  at  a specific  temperature.  The 
change  In  reflectance  curves  from  alterations  in  the  surface  was  related 
to  a series  of  reaction  products.  A series  of  balanced  chemical 
equations  were  used  to  determine  the  relative  quantity  of  the  reaction 
products  at  the  surface.  These  reaction  products  and  their  relative 
quantities  were  used  In  a multilayer  reflectance  model  to  calculate 


reflectance  curves  which  were  compared  to  experimental  curves  In  an 
effort  to  narrow  the  possible  chemical  products. 

*Pe3°4*  a"  Intermediate  ohalcoclte  (CUjS)  or  covellite  (CuS)  layer 
between  the  outer  oxide  and  a bornlte  (Cu5FeS4)  layer,  with  the  born! to 
being  In  contact  with  the  bulk  chnlcopyrite  (CuPeS  ).  The  CuS  or  Cu  S 
layer  was  relatively  thin  with  iron  oxide  being  intermediate  and  the 
bornlte  being  the  thickest  layer.  The  surface  products  formed  at  room 
temperature  consisted  of  the  same  compounds  as  those  formed  at 
temperatures  of  200 "C  and  300'C.  except  that  less  hydroxide  species  and 
more  sulfate  species  were  formed  at  elevated  temperature.  The  total 
thickness  was  found  to  increase  mainly  with  temperature  and  to  a lesser 
extent  with  time.  At  23®C  the  film  was  nonuniform  across  the  surface 


and  the  total  film  thickness  ran 
thickness  ranged  from  12nm  to  85 

affected  only  the  chnlcopyrite  ii 
resulted  in  an  increase  in  the  ii 
inclusions,  had  no  observable  efl 


The  reaction  products  formed  at 
otal  thickness.  The  covellite  and 

0 transform  to  a bornlte  phase  which 
direct  contact  with  the  inclusion  an 

1 oxide  layer  thickness.  Goethlte 


Practured  specimens  of  chalcopyrlte  were  analysed  and  compared  t. 
polished  specimens.  In  general  the  reaction  products  were  the  same. 
However,  care  must  be  taken  with  rractured  surfaces  to  avoid  areas  of 
severe  roughness,  often  fracture  surfaces  were  produced  along  areas 
which  previously  had  cracked  and  reacted  over  geologic  time  to  form 
reaction  products  internal  to  the  sample. 


Puture  Work 


Future  work  in  the  surface  oxidation  of  chalcopyrfte  requires  a 
better  understanding  of  the  role  of  inclusions  and  how  they  affect  the 
beneficlatlon  process.  If  surface  reaction  products  could  be  predicted 
based  upon  the  temperature  and  the  inclusions  present,  the  processing 
of  chalcopyrite  could  be  better  controlled.  Por  example,  it  is  easier 


layer  is  mainly  an  iron  oxide  with  an  intermediate  region  that  Is  copper 
rich  and  present  in  greater  concentration.  This  is  rationalised  by 
chemical  equations  which  require  a certain  amount  of  the  bulk 
chalcopyrite  to  be  consumed.  The  reaction  of  chalcopyrite  in  both 
reducing  atmospheres  and  inert  atmospheres  could  further  help  determine 
the  reaction  of  chalcopyrite  and  the  role  of  inclusions. 

The  observations  made  during  the  course  of  this  work  suggest  that 
the  area  of  fracture  analysis  with  optical  microrcflectometry  has  great 
potential  in  terms  of  either  monitoring  a fractured  surface  or 
characterising  it  with  respect  to  the  bulk  or  a polished  specimen. 
However  to  monitor  this,  the  environmental  factor  must  be  eliminated  due 
to  either  immediate  reaction  or  continued  reaction  at  the  surface  of 
most  compounds  including  chalcopyrite.  Thus,  the  ability  to  optically 
monitor  either  a fractured  or  polished  surface  as  a function  of  time, 
temperature,  or  some  other  variable  would  require  a vacuum  system. 
Although  this  would  require  some  exceptional  optical  components,  the 
potential  applications  could  be  well  worth  the  work.  In  order  to  more 
fully  characterise  the  reaction  products  on  chalcopyrite  one  could  react 
them  at  low  temperature  in  vacuum  with  oxygen.  The  reaction  products 


could  then  be  ana ly ted  optically  in  vacuum  without  added  environmental 
effects,  then  compared  to  reaction  products  formed  In  air  at  low 


Monitoring  a deposition  process  for  use  In  studying  the  optical 
properties  of  known  films  on  a specific  substrate  can  be  useful  In  the 
development  of  new  thin  film  models.  Moreover,  determining  changes  in 
the  film  layers  as  a function  of  temperature,  rate  of  deposition,  or 
other  deposition  variables  could  be  very  informative  for  quality  control 
on  deposition  processes.  It  would  be  quiok.  non  destructive  and  fairly 


inexpensive. 


The  total  resulting  reflectance,  R'.  for  a single  layer  on  an 
absorbing  substrate  is  given  below  by  Eq.  A. 13.  This  equation  requires 
nornally  incident  monochromatic  light  striking  a flat  surface.  The 
incident  light  Interacts  with  the  surface  and  eaits  reflected  waves 
that  are  due  to  interaction  at  the  air/substrate  boundary  and  for  a filu 
interacting  at  the  fila/substrate  boundary.  The  equations  for  the 
optical  reflectance  with  nornally  Incident  light  have  been  previously 
discussed  for  a bulk  absorbing  solid  [81HEI , 85HUM] , for  an  unsupported 
thin  absorbing  fila  [68TOM1 , and  for  thin  filas  on  transparent 
substrates  [77M0U1 .77MOU21 . The  reflectance  nodel  used  in  this  study  is 
good  for  an  absorbing  fila  on  an  absorbing  substrate. 

The  derivation  starts  with  a determination  of  the  reflectance 
coefficient  from  a bulk  aaterial.  Let  a be  the  amplitude  of  the 
incident  wave  and  Ap  the  amplitude  of  the  reflected  light  after  being 
transmitted  through  a thin  layer  deposited  at  the  surface  of  the 
substrate.  Let  r1J(  and  t . ^ be  the  reflection  and  transmission 
coefficients  respectively  for  the  amplitude  of  the  wave  moving  from  the 
medium  i to  medium  k.  In  the  cases  of  absorbing  materials,  these 
coefficients  are  complex  with  8jk  as  the  phase  change  between  the 
incident  and  reflected  wave  with  amplitude  f and  related  according  to 

f J°'k 


The  reflectance  for  the  neasured  intensity  Is  then  given  by 
Rik  ’ Rki  " rik  rki  ' flk 

where  rkJ  Is  the  conplex  conjugate  of  r,k.  Considering  only  normally 
incident  light,  the  reflectanoe  coefficient  nay  be  expressed  in  terns 
the  refractive  index.  N.  as 


1 refractive  indi 
N.  as  complex  t( 


N (■  n - j x)  is  conplex  and  includes 
nd  the  extinction  indox.  x.  Expressing  N 
e reflectance  is  given  by 


The  absorption  coefficient,  a.  » x. 
written  entirely  in  terns  of  n{  ai 
change,  eJk.  between  the  reflected  ai 


(ni  - "k»  * <*i  - <> 

cos(6lk)  derived  from  the  complex 


e reflection  coefficient  (rJk). 


Range  of  phase  change  versus  complex  optical  constants  of  the  substrate 
and  surface  layer. 


After  deriving  the  reflectance  for  a bulk  substrate,  the  next  step 
is  to  arrive  at  an  equation  for  an  unsupported  film  (see  Figure  A.l). 
This  cones  from  the  derivation  of  a thin  film  on  a transparent 


substrate.  Assuming  that  the  surfaces  are  perfectly  parallel  in  the 
unsupported  layer,  transmitted  wave  amplitudes  are  such  that  the  optical 
refractive  index  may  be  different  on  one  side  of  the  layer  versus  the 


The  complex  amplitude  of  the  wave  reaching  the  detector  is  the  sum 

expressed  by  an  arithmetical  progression  containing  the  factor 
1 rio  e where  2 denotes  the  incident  medium.  1 denotes  the  layer, 
denotes  the  transmission  medium,  and  ^ is  the  phase  change  resulting 
om  optical  path  differences.  The  complex  amplitude  of  the  resulting 


reflected 


complex  amplitude 


the  resulting 


The  argument  , expresses  the  phase  change  resulting  from  optical  path 

®1  = 4«  df  (nj  - J Xj )/  L . (A. 9) 

The  phase  ®j  refers  to  the  first  reflected  beam  from  the  surface  where 
L Is  the  wavelength  of  light.  Phase  changes  upon  reflection  are 
contained  within  the  complex  reflection  coefficient  for  the  amplitude. 
The  total  reflected  intensity.  IR,  and  transmitted  Intensity.  I 

*R  * (Ai  » % > ’ «2  IA.10) 

IT  ■ (Aj.  ) <Aj*  ) = a2  r (A. 11) 

where  the  complex  conjugate  is  designated  as  A^  and  A^,*.  For  an 
absorbing  substrate  Eq.  A. 7 and  Eq.  A. 10  are  complete  formulations  for 
the  reflection  coefficient  since  the  incident  and  the  transmission  media 
against  the  layer  may  be  different  and  the  transmission  medium  may  be 
either  transparent  or  absorbing. 

Substituting  Eq.  A. 1 and  Eq.  A. 9 into  Eq.  A. 7.  the  amplitude  of  the 
total  reflected  wave  is 


Coefficients  Rgl  and  RJ0  are  for  the  surface  layer  and  substrate 
with  bulk  index  values  of  n,  and  x(  (Eq.  A. 5).  Phase  changes  02J  and 
0,0  due  to  reflection  are  calculated  fro*  equations  similar  to  Eq.  A. 6. 
The  total  phase  change,  0',  between  the  incident  and  the  total  reflected 
waves  include  changes  due  to  reflection  and  to  optical  path  differences 
(see  Eq.  A. 12).  Multiplying  the  numerator  and  denominator  of  Eq.  A. 12 
by  the  complex  conjugate  of  the  denominator  and  isolating  the  real 
and  imaginary  parts  leads  to  equations  for  the  value  of  0'glven  by 


with  multiple  homogeneous  layers  has  been  previously  discussed 
(77M0U1 .77H0U2) . For  absorbing  compounds.  Eq.  A. 13  can  easily  be 


Let  the  substrate  be  labelled  0 and  each  successive  layer  labelled 

Is  covered  with  a single  layer  way  be  considered  from  a reflectance 
point  of  view  as  a single  equivalent  substrate  with  a complex  reflection 
coefficient  of  amplitude  r'  derived  from  Kq.  A. 7.  Por  the  following 
demonstration,  the  coefficient  r'  will  be  renamed  as  r'S(,  „j 

Indicating  that  the  coefficient  is  equivalent  to  that  of  the  original 
material  covered  with  a single  layer  placed  in  air.  Assuming  this 
equivalent  substrate  Is  again  covered  with  a thin  layer  (2)  and  placed 
in  air  (3)  the  reflectance  coefficient  for  two  layers  would  be 


(A. 18) 


By  an  Interative  procedure  we  may  calculate  the  reflectance 
coefficient  for  a substrate  covered  with  p successive  layers  as  the 
reflectance  of  a single  layer,  p.  deposited  on  top  of  a substrate 
equivalent  to  the  original  substrate  with  p-1  layers.  The  outer  layer 
is  in  contact  with  with  air.  This  procedure  was  used  to  calculate 
reflectance  curves  with  three  homogeneous  layers  on  top  of  a substrate. 

A program  was  written  in  basic  language  to  calculate  the  percent 
reflectance  as  a function  of  wavelength.  The  iterative  procedure 
described  above  was  utilized  in  the  program  (3IIOMH1B.BAS)  shown  below 
starting  at  line  1190.  Note  that  the  labelling  of  the  sncesslve  layers 
started  at  1 for  air  with  2 designating  the  first  outer  layer  and  3 
designating  the  intermediate  layer.  Thus,  the  substrate  was  labelled  5 
in  program  3HIMHIE.BAS  below.  In  addition  to  the  calculations  a 


plotting 


ic  (starting 


Equivalent  reflectance  coefficient  for  the  amplitude  for 
a substrate  covered  with  multiple  superimposed  thin 


function  of  wavelength. 

The  program  3H0MH I E . BAS  is  duplicated  below  in  the  form  inputed  as 
a file  in  basic.  This  can  be  run  on  any  IBM  PC  compatible  computer; 


DIM  N34SI20) ,X34S(20) .N121SI20) ,XJ21$(20) ,N231S(20) ,X231S(20) . 

DIM  X23S(20) ,N54S(20) ,X54$(20).N34(20) ,X34 (20) ,NI21 (20) .X121 (20) . 
DIM  X23I (20) ,N232(20) ,X232(20) .N54(20) ,X54(20) ,N12S(20) .X12SI20) . 

D),NI22$(20). 


R CALCULATIONS**' 


1 : FLNAMKS 


■CVD(N122S);I 


I ( J) =CVD(XI22S) : 


700  LET  N5(J)*CVD(N34S)  :LET  X5(J).CVD(X34$) : LET  IIS'  -PE304":G0T0  740 
710  LET  N5(J)-CVD(N231$):LBT  X5( J)=CVD(X231S) : LET  DS-  'A-FE203-R1 - ■ 
GOTO  740 

720  G0T0li740l"CVD<N232S1:LET  X51J1°CVD|XZ32$|!  LET  DS"  "A-FB203-R2-: 
730  LET  N5(J).CVD(N121S):LET  X5( J)-CVD(X121S) : LET  DS=  "A-PE00H-R1 ' • 
GOTO  740 

735  LET  N5(J)-CVD(N122$) :LET  X5(J)-CVD(X122S) : LET  DS=  "A-PEOOH-R2" : 


i p'b*T<  ' o2then  1 ' J 1 ■ p“ ( J ' *N3 1 J 1 1 1 7 1 B3 1 » 


£“*£S3S!;ri.”: 
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COMPOUND  MENU  FOR 


SYMMETRY 

HEXAGONAL 

HEXAGONAL 

ORTHORHOMBIC 

ORTHORHOMBIC 


TETRAGONAL 


ORTHORHOMBIC 

HEXAGONAL 


THIS  PROGRAM  IS  FOR  THREE  HOMOGENEOUS  LAYERS  ON  A SUBSTRATE  THE  FILMS 
ARE  THE  INNER.  MIDDLE.  AND  THE  OUTER  IN  NANOMETERS. 


ogran  CUFESNXE.f 


in  3II0MHIK.BAS. 


L NPE203-RI 


NPE203-R2 


ic  penetration  depth  for  each  compound  c 

n coefficient,  x,  by  L/4xx  (I. -wavelength  of  light)  a< 
Table  A. 1 and  Table  A. 2.  The  penetration  depths  determine  if 
information  from  the  underlying  layers  for  a thickness  of  the 
oxide  layer  in  the  reflectance  mi 


Penetration  depths  1 


Penetration  depths 


PROGRAM 


OPTICAL  HICROREPI.I 


CHRSCWl*).  CHR$(W2*).  CHR$(W3*) 


APPENDIX  C 

COPPER  SULFIDE  INCLUSION  ANALYSIS 
Inclusions  in  the  for*  of  veins  of  chalcocite  and  covelllto  were 
found  in  the  Butte  and  Le  Bure  speclaens.  respectively.  The  reaction  u 
room  temperature  for  these  inclusions  resulted  in  a 2nm  to  4nm  thick 

the  chalcopyrite  in  contact  with  the  inclusions  resulting  in  Pe 
diffusing  to  the  vein.  No  iron  was  detected  in  the  bulk  of  the 
inclusions  before  hoating  by  analysis  with  the  electron  probe  micro- 
analyser. 


topographical ly 


certain  exactly  what  phase  (the  Inclusion  or  the  bulk  chalcopyrite)  was 
contributing  to  the  surface  products.  Due  to  surface  roughness  the 
reflectance  data  nust  be  used  only  qualitatively  rather  than  quantita- 
tively. furthermore,  reflectance  modelling  is  not  possible  due  to  the 
uncertainty  of  the  substrate  to  be  used  In  the  cnlculation.  An  attenpt 
was  nude  to  write  chenical  equations  for  reactions  between  the  bornlte 
and  the  chalcopyrite  which  would  result  in  copper  sulfides  and  Iron 
oxides.  However  there  were  too  many  coabinatlons  and  insufficient 

The  reactions  at  300 "C  were  equivalent  to  those  observed  at  200*C. 
The  reaction  of  the  bulk  chalcopyrite  was  found  to  be  independent  of  Che 
presence  of  the  Inclusions,  if  the  area  was  further  than  approxinately 
SOpn  to  100pm  away  from  the  copper  sulfide  Inclusion.  However,  the 
Auger  depth  profiling  data  suggest  that  the  reaction  layer  had  an  outer 
iron  oxide  with  an  Intermediate  oopper-rlch  sulfide  region.  The 
Intermediate  region  could  not  be  clearly  distinguished  from  the  bulk  and 
this  region  could  not  be  further  characterized  with  reflectance 
calculations.  Thus  the  effects  of  inclusions  upon  the  reactions  was 
very  local  but  very  significant.  The  significance  of  Inclusions  upon 
the  genera]  reaction  was  dependent  upon  the  density  of  inclusions  in  the 
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